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DEDICATION

Life into Space is dedicated to Rodney Ballard, the former Assistant
Chief of the Space Life Sciences Payloads Office at Ames Research
Center and coeditor of this book, who died in August 1993. This
book would not have been started without his conviction that these
space life sciences accomplishments should be made readily avail-
able to the current and upcoming generation of scientists and
engineers. He believed strongly in the benefits of international
scientific cooperation, and was very pleased to have had a key role
in some of the processes described herein. The interviews with
several participants in these endeavors, included in this book, were
done primarily at his urging. He thought it important for the reader
to have a glimpse of some of the people and extraordinary challeng-
es associated with conduct of this research. All those who were
fortunate enough to know him will greatly miss the international
vision, steadfastness, goodwill and unabashed optimism he brought
to his endeavors on behalf of the Space Life Sciences Payloads
Office.

A quote from a recent essay captures much of Ballard’s legacy
to his colleagues at home and abroad:

In a chaotic world, friendship is the most elegant, the most
lasting way to be useful. We are, each of us, aliving testament
to our friends’ compassion and tolerance, humor and wisdom,
patience and grit. Friendship, not technology, is the only
thing capable of showing us the enormity of the world.

(Steven Dietz, notes from the director for the play “Jody’s Maps,”
January 1994.)
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PREFACE

Ames Research Center (ARC), along with other NASA centers,
supports life sciences research in Space using various living systems.
Among the centers, it is the only one with the comprehensive
facilities and expertise required to develop complex animal exper-
iments. ARC began developing space life sciences experiments in
the early 1960s and continues to actively support NASA’s life
sciences research program.

This book is the first compilation of the results of ARC’s space
life sciences research in a single volume. It profiles the background,
objectives, and methods for this research. There have been major
changes within NASA and ARC during the past 25 years, and in the
way this research is managed and conducted. There has been an
evolution from mission to mission toward internationalization at all
levels. The core of the book describes individual missions from
Gemini 3 in 1965 to STS-41 in 1990. The year 1990 was chosen as
the cutoff date because the results of missions completed after this
point had not yet been fully analyzed. The book provides top-level
overviews of mission objectives, payload and experiment develop-
ment, operations before, during, and after flight, and brief descrip-
tions of mission results.

One-page summaries of over 200 completed experiments and
the associated hardware items are provided in two major appendi-
ces. Publications for each experiment are listed in another appen-
dix. This information should be useful to three major groups: first,
NASA and contractor personnel who are responsible for experi-
ment and payload development; second, current and prospective
space life sciences investigators in universities, NASA centers,

industry, and the international space life sciences community;
third, members of the life sciences community that provide counsel
on the content, structure and future direction of NASA’s life
sciences program. We asked NASA investigators to review their
experiment results and associated publications so that our descrip-
tions are as accurate as possible. We also invited input from other
selected reviewers.

This book describes accomplishments by many scientists, engi-
neers and managers at ARC, the large university science communi-
ty that supports NASA life sciences research objectives, our many
international colleagues, and our aerospace industry hardware de-
velopment and support contractors. We are grateful for their con-
tributions. We appreciate all the people who produced the
facilities, equipment, experiments, and scientific results described
in this book and are proud to have been part of this effort.

Kenneth Souza, Chief

Robert Hogan, Deputy Chief

Rodney Ballard, Assistant Chief (deceased)
Space Life Sciences Payloads Office

Ames Research Center, 1995

Life into Space



ACKNOWLEDGMENTS

The editors are indebted to a large group of people for their
contributions to this volume. William Berry, Oleg Gazenko, Eu-
gene Ilyin, Harold Klein, Claude Milhaud, Nello Pace, Joseph
Saunders, Lyuba Serova, Joseph Sharp, Richard Simmonds, and
David Winter gave insightful accounts of their involvement in space
life sciences research. Several NASA staff reviewed the volume and
provided valuable criticisms and suggestions, especially Paul Calla-
han, Bonnie Dalton, James Connolly, Michael Skidmore, Emily
Holton, Charles Winget, and John Dyer. Eugene Benton and
Charles Fuller also provided many helpful corrections and com-
ments. Without the help of John Tremor, Robert Mah, Paul Dolkas,
and Gary Thorley, it would have been difficult for us to collect
information on several older missions. We are grateful to the more
than fifty reviewers who corrected and commented on the informa-
tion in this book. The staff of Spaceline (Ron Dutcher and Kathy
Scott) deserve acknowledgment for their generous and substantial
assistance in providing and verifying citations for this book. Also,
the assistance of the Ames Research Center Life Sciences Library
staff was instrumental in obtaining hard-to-find material. Bertie
Cox and Lorraine Tanner (both formerly of ARC Publications
Branch) gave critical support for concept development of the book
and Bethann Dennis of Scientific and Commercial Systems Corpo-
ration provided invaluable editorial support.

We would especially like to thank the staff of Mains Associates:
Richard Mains for his comprehensive book concept and overall
management of this project; Ruvanee Pietersz for research, writ-
ing, and translation of French material; Gretchen Gold for book

production, illustrations, graphics, layout, and overall coordination;
Wesley Rakeman for database development and management, and
production assistance; Barbara Chan for book design, editing,
illustrations, and publication project consultation; Alan Wood for
database design; Karen Walker for content review and database
production; Galina Tverskaya for translation of Russian material,
review of material on the U.S.S.R./Russian space program, and
conduct of Russian interviews; Melissa Padgett for several text
illustrations; Richard Herron for most of the hardware illustrations;
David Beckerman and Greg Leonard for production assistance; and
Trisha Lamb Feuerstein for the index.

Vi

Life into Space



FOREWORD

Since the writing of this book began more than three years ago,
extraordinary changes have taken place in Eastern Europe. The
dramatic collapse of Communism in the former U.S.S.R. and the
parting of the Iron Curtain that divided Eastern and Western
Europe for over 40 years have transformed our view of the future.
Many of the consequences of these changes are still uncertain. It is
clear, however, that the references to the U.S.S.R. in this book are
outdated. Since the book was written from the perspective of 1990,
we have let this terminology and the description of the former
U.S.S.R. space agency stand.

It will be obvious, if perhaps surprising to some readers, that a
majority of the space flight experiments described in this book were
conducted on U.S.S.R. Cosmos biosatellites. The Cosmos Program
was especially important for obtaining regular access to space for
Ames Research Center during the 1980s after the Challenger
disaster. Following the August 1991 collapse of the U.S.S.R., the
tenth, and last, Cosmos mission in this series was launched in
December 1992 with several U.S. experiments onboard. The Rus-
sians (formerly the Soviets) worked hard against great odds to
conduct this mission as planned. The Russians are developing a
commercial, improved biosatellite for future use by the internation-
al space life sciences community. Significant interest in this plan has
been expressed by many space agencies, including NASA.

The major part of this book was produced directly from the
Space Life Sciences Payloads Office (SLSPO) Flight Experiments
Database (FED), which has been under development for about
fouryears. Itincludes descriptions of both developing and complet-

ed experiments along with hardware and publications information.
This book could not have been produced without the FED and is a
good example of what computers and software tools can accom-
plish. The FED has now become a part of the SLSPO Data
Archiving Project, a key element of the new NASA Headquarters
Life Sciences Data Archiving program. This program will provide
information similar to that in this book via an online database for
direct user access through the National Space Science Data Center
(NSSDC), Greenbelt, Maryland.

This book intentionally has no concluding chapter, since it
describes the results of ongoing research supported by the SLSPO
at Ames Research Center. Although the future can never be pro-
jected with much accuracy, it promises to be as varied as the pastin
terms of the types of space flight missions undertaken. In addition
to new biosatellites, new options on the Russian Mir space station,
longer-duration Space Shuttles, and the International Space Sta-
tion are being planned. Constrained funding has increased the
trend toward international cooperation among space agencies. This
trend was already accelerating due to the many advantages of
coordinated research. Worldwide, the private and public sectors
are collaborating more often to support space life sciences research
and development. This book should be a useful resource for those
prepared to participate in these opportunities.

Life into Space
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1 Introduction

Life sciences research has been conducted in space for several
decades. Initial U.S. efforts with biological payloads can be traced
to 1946, when a collection of fungal spores was launched from
Alamogordo, New Mexico, in a pioneering balloon flight. In the
early years of the space age, the aim of life sciences research was to
assess the ability of living organisms to survive space flight. Once it
became apparent that animals and humans could withstand expo-
sure to microgravity, cosmic radiation, and the rigors of launch and
re-entry, the focus of inquiry shifted to the biological changes that
occur during and after space flight.

A considerable body of knowledge has been gathered in this
field. From both the mission and science standpoints, future gener-
ations of researchers can benefit from the achievements and lessons
of the past only if the results are documented. This book is a record
of the space life sciences research supported by the NASA Ames
Research Center (ARC) Flight Experiments Program from 1965 to
1990. Life scientists and space industry personnel will find the book
avaluable resource for guiding future research efforts. Laymen and
students will also benefit from reading about the history of space life
sciences research.

For the purposes of this book, life sciences research is defined
as the study of biological and biomedical processes using live
specimens as experimental subjects. All experiments conducted by
or through the ARC, using microorganisms, cell cultures, plants,
and animals are discussed here. A few radiation studies that used no
biological materials are included because they accompanied the live
specimens and are relevant to life sciences research. The significant

research conducted by ARC in the areas of exobiology, life support,
and other fields related to space life sciences is not considered.
Studies undertaken by other NASA centers and experiments using
human subjects are also outside the scope of this book.

This first chapter of the book discusses the objectives of life
sciences research and the use of space as alaboratory. Although the
book is written from a U.S. perspective, the increasingly interna-
tional nature of space life sciences research is fully acknowledged.
Chapter 2 addresses the interaction between NASA and foreign
space agencies in implementing the ARC Flight Experiments
Program.

Chapter 3 briefly describes the challenging process of develop-
ing an experiment for space flight. The program and mission
descriptions in Chapter 4 comprise the major portion of the book.
Commentaries by pioneers in space life sciences have been added
when possible. Descriptions of ARC flight experiments are
included in Appendix 1. Appendix 2 lists selected publications
relating to these flight experiments. Appendix 3 contains descrip-
tions of all the major hardware items flown on ARC-developed
missions.

Life Sciences Research Objectives

Early space flight research was conducted simply to evaluate
the viability of living systems in the microgravity environment.
Later, researchers began to examine the changes that occur in such
systems in response to microgravity. Today, research is increasingly
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focused on attempts to understand the mechanisms for changes
observed, and to develop methods to counter those changes.

Space life sciences research has two general objectives. The
first is to study the effects of exposure to microgravity on bio-
logical systems to reduce the risks of manned space flight.
The second is to use the microgravity environment to broaden
scientific knowledge about the influence of gravity on living
systems.

In mentioning these objectives, the importance of ground-
based studies in simulated microgravity must not be forgotten.
Many of these, such as bed rest, water immersion, and suspension
studies were developed because it was difficult and costly to con-
duct research in space. Ground-based studies continue to provide
information that is extremely valuable in helping to design and
interpret experiments carried out in space.

Space as a Laboratory
The Space Environment

Where does space begin? It does not begin abruptly at an arbitrary
point above the surface of the Earth (Fig 1-1). Broadly speaking,
space can be said to begin just beyond the biosphere, which is the
part of the universe in which life can be sustained without artificial
support. The biosphere includes the land and sea masses of the
Earth (lithosphere and hydrosphere) and the mass of air (atmo-
sphere) above them. The atmosphere consists of a mixture of gases
held in place around the Earth by gravitational forces. The density

and pressure of the air declines as the distance from the Earth’s
surface increases. At an altitude of 12.20 km, no human can survive
without an artificial atmosphere comprised entirely of oxygen. At
an altitude of 18.29 km, a space suit or a pressure cabin becomes
absolutely necessary for survival. “Physiological space” can be said
to begin at this point. However, a finite atmospheric pressure of
54 mm Hg still exists.Itis only at an altitude of 80.5 km that pressure

Miles Kilometers

60,000 L. 97,000

10,000 L. 16,090 {4 - - - - — = — — — — — - - 0 — Outer Van Allen radiation belt
2000} 3218 {4-------—-—----- /7N _ inner Van Allen radiation belt
True space

435 700 b _______ (_—}

150 1 240 N d. _ - Low Earth Orbit

AR S B AN A, £~ O\ _ _Spacesuit essential
Physiological space
12 L 19
243 __J1___ [ NS Q- -100% Oxygen needed
0 1 0 760

Altitude Gravity Altitude Pressure (mmHg)

Figure 1-1: The transition from Earth’s atmosphere to space (Harding 1989).
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approaches zero, and not until an altitude of 700.35 km does a
vacuum exist. This point can be considered to be the beginning of
“true space.” Even at this distance, the Earth still exerts a consid-
erable gravitational attraction. It is theorized that no spacecraft
launched from the Earth would be entirely free of the gravitational
pull of the Earth until it was several million miles away. By then the
gravitational effects of other celestial bodies would begin to have an
effect. However, because an Earth-orbiting spacecraft isin “contin-
uous free-fall,” balanced by equal and opposite forces toward
(gravitational) and away from (centripetal) the Earth, it is exposed
to a very small force of gravity. The effective force of gravity may in
fact be reduced to up to one millionth of its value on Earth (thus the
term “microgravity”).

Life forms have adapted to the force of gravity on Earth through
millions of years of evolution. Gravity continuously acts upon living
systems from microorganisms to humans. It is likely that the near
absence of this force would evoke both acute and chronic changes
in most biological systems. Investigation of these changes is the
central theme of life sciences research in space.

The responses to microgravity thus far observed in animals and
humans fall into three main categories. First, functional neurophys-
iological changes are known to occur as a result of the modified
sensory input during space flight. Second, hormonal, humoral, and
autonomic adjustments take place in response to a headward fluid
shift. A third change occurs in the cardiovascular system and in

bone and muscle tissue because of the absence of gravitational
loading and the reduced necessity for physical activity in micro-
gravity.

Space flight also exposes crew and passengers of spacecraft to
radiation levels that are greater than either the background expo-
sure at the Earth’s surface or the occupational exposure for radia-
tion and health workers. The source may be charged particles,
neutrons, or ionizing photons. The risks of manned space flight can
be assessed only after an accurate dosimetric picture of the space
environment is available. Fluence, charge, velocity, specific
energy, and time course of dose deposition must all be considered
when predicting biological responses to radiation. Ground-based
studies alone cannot provide this information. Ground-based
studies rely on single sources of unidirectionally applied, monoen-
ergetic radiation species. Some of these radiation sources do not
exist or are insignificant in space. Shielding is usually not used in
ground-based studies; it is always present in space. Furthermore,
the potentially synergistic effects of microgravity and radiation
cannot be determined from ground-based studies.

If humans are to live in space for long periods in the not too
distant future, the physiological consequences of space flight must
be thoroughly evaluated. Countermeasures must be developed to
combat the detrimental effects of space flight to ensure health and
productivity in this alien environment. In addition, hardware must
be developed that is capable of providing adequate housing and life
support.
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The conditions of space flight, microgravity, and radiation
(exclusive of the acceleration, noise and vibration levels encoun-
tered at launch and re-entry) cannot be reliably duplicated in
ground-based simulations. Therefore, life sciences research ulti-
mately must be performed and hardware design and operations
must be verified in space.

We can increase our understanding of some fundamental bio-
logical processes by studying them in space as well as on the Earth.
For instance, studying calcium metabolism and bone mineral
depletion in space may provide insights into the clinical problems
of bone decalcification and osteoporosis. The study of cardio-
vascular responses to body fluid changes associated with weight-
lessness may be useful in understanding the causes of hypertension
and congestive heart failure. Likewise, the muscle deconditioning
that frequently accompanies prolonged bed rest may be better
understood by investigating similar changes in muscle structure
and function that occur in response to microgravity.

The conduct of life sciences research in space is subject to
numerous constraints. The high cost involved is a primary consid-
eration. The cooperative spirit that has emerged between coun-
tries, in place of the intense competition of the early space age, has
to some extent alleviated this problem. Joint space ventures
between countries are advantageous because technology,
resources, and scientific results can be shared.

Cost constraints also affect the choice of implementing
research programs versus research projects. In an uncharted

environment such as space, fruitful research can only be performed
after initial exploratory studies are conducted. In other words,
answers can only be sought after the correct questions are deter-
mined. Science objectives can, therefore, be better achieved
through research programs encompassing several missions, al-
though funding is often easier to obtain for research projects
carried out on single missions.

One of the most difficult problems that researchers face is the
fact that experiment technology frequently becomes outdated
during the long period required for developing a mission.
Preserving the flexibility to incorporate new technology is often
difficult, especially if the mission is complex. Flight hardware
designers have to finalize their plans several years before the
planned launch date to ensure that there will be adequate time to
fabricate and test the equipment.

Constraints influence not only the planning phase of a mission,
but also the flight phase. Science requirements for various experi-
ments must often be modified to meet mission requirements.
Unmanned missions using nonhuman subjects require the
development of fully automated life-support systems. Research on
manned missions needs to rely less on automated hardware, al-
though crew operations with animal subjects are usually very lim-
ited because of time constraints. At the same time, the complex
issue of biologically isolating the animal subjects from crew mem-
bers must be addressed.

Life into Space



Research Subjects

Although the ultimate objective of biomedical research in space is
to ensure the crew’s safety and well-being in the space environ-
ment, research using human subjects has serious limitations.
Experiment procedures required for gathering important physio-
logical data often cannot be implemented in humans for practical or
ethical reasons. Research variables like temperature, diet, light
cycle, activity, and stress cannot be easily controlled for humans.
Continuous physiological monitoring using implanted sensors is
not feasible. Crew members cannot usually be dedicated to specific
in-flight experimental goals because of operational considerations.
Data collected from crew members may be compromised by
countermeasures taken to combat microgravity effects such as
space sickness. Furthermore, crew members are rarely available for
the extensive preflight and postflight analyses that constitute an
important part of space flight studies.

For these reasons, nonhuman organisms often need to be used
as research subjects in the space life sciences. These organisms can
frequently be selected from a homogeneous population. Experi-
ments using such subjects are not constrained by operational
considerations. They can be allowed to adapt to the space environ-
ment without application of countermeasures. Environmental
variables can be strictly controlled in-flight as well as during
preflight and postflight ground-based studies. Measurements can
be made using invasive techniques, tissue samples can be obtained,
and drug testing can be carried out.

Various species of nonhuman subjects have been used in space
life sciences research (see Table 4-2, p. 30). The use of vertebrate
subjects, particularly mammals, is important because it is often
possible to extrapolate experimental results to humans. Rats and
primates are suitable experimental models for many studies. The
adaptive responses of these animals have been studied in a number
of biosatellite and Space Shuttle flights.

Non-mammalian vertebrates studied in space have included
amphibians and fish. Among invertebrates, insects have been
useful in experiments investigating the effects of microgravity and
cosmic radiation.

Several experiments have been conducted on plants in space,
including studies on germination and growth. Gravity plays a very
important role in plant growth on Earth, enabling shoots to grow
upward and roots to grow downward. Experiments conducted in
space indicate that microgravity influences plant physiology, devel-
opment, and metabolism. Research on the adaptation of plants to
microgravity is obviously important if humans are to attempt to
exist in space for long periods of time.

Lower organisms such as bacteria and fungi, as well as cell
cultures, have also been studied in space. These simple life forms
have enabled us to better understand biological processes that
cannot be readily investigated in the presence of terrestrial gravity.
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2 COOPERATION BETWEEN SPACE AGENCIES

This chapter describes the cooperative activities that ARC has
undertaken in conducting research in space life sciences. Interac-
tions between NASA and space agencies of other countries are
reviewed in the context of this research.

In the 1960s and 1970s, the struggle for national superior-
ity was one of the main forces driving the development of space
activities. In contrast, international cooperation is now an impor-
tant factor in many countries’ space agendas. In 1958, the United
Nations General Assembly created an ad hoc Committee on the
Peaceful Uses of Outer Space (COPUOS). The committee now
includes more than 50 member nations. The Scientific and Techni-
cal Subcommittee of COPUOS promotes scientific cooperation in
outer space and provides technical assistance to developing nations
in space—related matters.

Cooperation in space research benefits the international com-
munity in many ways. It allows scientific ideas, technical expertise,
and facilities to be exchanged, and enables costs to be shared. Life
scientists from around the world can collaborate effectively to solve
problems of mutual interest. In addition to these advantages, there
are political benefits to establishing cooperative enterprises.

National Aeronautics and Space
Administration

NASA was created in 1958 to provide a formal structure for Amer-
ican civilian space activities dedicated to the peaceful uses and
exploration of space. NASA now has several centers located around
the country. Activities connected with space life sciences research

are conducted primarily at four of these sites (Fig. 2-1). The Life
Sciences Division at NASA Headquarters is responsible for overall
program guidance and direction, and for integrating the activities of
the various NASA centers. ARC in Moffett Field, California,
Johnson Space Center (JSC) in Houston, Texas, and Kennedy
Space Center (KSC) in Cape Canaveral, Florida, are responsible for
implementing the life sciences research program. Activities at these
centers include development of program and mission objectives,
experiment selection, flight support, and data analysis.

JSC is concerned mainly with space biomedical research on
human subjects. Life sciences research using nonhuman experi-
mental subjects is conducted mostly at ARC. KSC carries out some
life sciences flight experiments using plant subjects. Marshall Space
Flight Center, together with KSC and JSC, also plays an important
role in ARC flight experiments by supporting many preflight and
postflight activities.

Ames Research Center

Although ARC was founded in 1939 as part of the National Advisory
Committee for Aeronautics (NACA), NASA’s predecessor, space
life sciences research did not become part of the ARC agenda until
1960. Early life sciences research at ARC was concerned mainly
with questions raised by preparations for the Apollo missions to the
moon. Interest was centered on the effects of radiation, isolation,
and changes in gravitational loading, and on crew life support
requirements during space flight. Studies were also conducted on
gastrointestinal function, tissue breakdown, and possible changes
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in the processes of reproduction, development and aging in the
space environment.

By late 1963, life sciences research was being conducted by four
groups at ARC. The Environmental Biology Division focused on
physiology, pathology, and radiobiology; the Biotechnology Divi-
sion on human performance and man-machine interactions; and
the Exobiology Division on biosynthesis and cell biology. The
fourth research group was the Biosatellite Project Office, which was
in charge of developing a series of unmanned biosatellite missions.

Ames Research Center
NASA Headquarters

Marshall Space Flight Center

Johnson Space Center
Kennedy Space Center

Figure 2-1: NASA facilities involved in life sciences research.

More resources became available for life sciences research
beginning in 1963. During that year, a Bioscience Laboratory was
built with an attached vivarium for housing animals. It was needed
to accommodate the several hundred macaque monkeys that were
expected to be maintained at ARC by 1965. These animals were to
be used as space flight candidates for the Biosatellite Project. The
facility supervisor was a veterinarian and a member of the National
Animal Care Panel, established to ensure the humane treatment of
experimental animals. The Laboratory had state-of-the-art surgery
facilities, a recovery room, isolation wards, stainless steel animal
cages, and steam sterilizing equipment.

A 20 g animal/human centrifuge became operational at ARC in
1964. It could simulate the stresses of spacecraft launch and re-
entry. In 1965 a four-story Life Sciences building was completed for
use in a wide range of research activities. Three long-duration
animal centrifuges were available for hypergravitational studies by
1968.

Three biosatellite missions were developed by the Biosatellite
Projects Office in the 1960s. The first mission, Biosatellite I, was
launched in 1966. Because of a hardware malfunction, it was never
recovered. Biosatellite II, launched in 1967, was a replicate of
Biosatellite I. It carried several biological specimens into orbit and
was successfully retrieved. Biosatellite IIT was launched in 1969,
carrying onboard a single monkey. The monkey’s untimely death,
shortly after the biosatellite landed, focused a good deal of negative
public attention on the Biosatellite research program. The contro-
versy generated by this mishap, and the absence of plans or funds
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for a follow-on project resulted in the dissolution of the Biosatellite
Projects Office in the early 1970s. It was replaced in 1977 by the
Life Sciences Flight Projects Office (LSFPO).

NASA began working on a concept for the Space Transportation
System (STS) in 1969. In 1973, the Europeans agreed to build the
Spacelab, an important element of the STS. In the mid-1970s, ARC
conducted two initial simulation studies in conjunction with Mar-
shall Space Flight Center and JSC. The objective of the studies
(termed Spacelab Concept Verification Tests) was to verify the
compatibility of life sciences flight experiments with the evolving
design of the STS/Spacelab. A range of experiment subjects, includ-
ing rats and rhesus monkeys, was used in the tests. Eventually, alife
sciences payload was developed, which included human experi-
ments from JSC. A seven- day flight simulation, termed the Shuttle
Mission Development Test (SMD III), was then carried out at J[SC
to test this payload. By the conclusion of SMD IIT in mid-1977, the
LSFPO had acquired its core staff and contractor support, and by
the early 1980s had evolved into the current ARC Space Life
Sciences Payloads Office (SLSPO).

In recent years, more resources have become available at ARC
for life sciences research. A Vestibular Research Facility, devel-
oped in 1986, can deliver precisely controlled rotational and linear
accelerations to animal subjects as large as young-adult macaques.
The original Bioscience Laboratory has been expanded into an
Animal Care Facility certified by the American Association for
Accreditation of Laboratory Animal Care. An associated Biomedi-

cal Research Facility constructed in 1988 integrates animal housing
and laboratories.

At the present time, life sciences activities at ARC are conduct-
ed within the Space Research Directorate. The Directorate com-
prises eight divisions and a staff of several hundred research
scientists and engineers. Besides flight studies, the Directorate
oversees ground-based research and new technology development.

Interagency Cooperation

NASA collaborates with other federal agencies and many universi-
ties in implementing its life sciences research program. Investiga-
tors from numerous academic and research institutions participate
in the program. NASA is also pursuing opportunities with the
National Institutes of Health (NIH) for joint biomedical and behav-
ioral research. For example, a NASA-NTH workshop was held in
1989 to assess the similarities between the aging process and
physiological deconditioning that occurs in space, and to discuss
joint research in these areas. In 1992, the two agencies signed a
memorandum of understanding that will enable them to carry out
joint studies on such diverse subjects as neurological disorders,
arthritis, and cancer. The Environmental Protection Agency is
working with NASA to study the effects of global warming on
aquatic systems NASA, the National Oceanic and Atmospheric
Administration, and Farleigh Dickinson University’s National Un-
dersea Research Center are studying crews living in the Aquarius
undersea habitat, as an analog to NASA’s planned space station.
NASA and the National Science Foundation are conducting joint
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basic scientific and technical research in the Antarctic. The studies
are expected to be applicable to developing a lunar base or a journey
to Mars. There are also anumber of joint projects in the life sciences
between NASA and the Department of Defense.

Through the years, NASA has established a vigorous program of
international cooperation to take full advantage of the limited
access to space. This program is important in achieving NASA’s
objectives in the space life sciences. Cooperative activities can be
initiated by a foreign agency asking to participate in a NASA
program or by NASA suggesting international cooperation in a
program. There are four types of agreements between NASA and
foreign countries. Executive or intergovernmental agreements
signed by officials of each government and processed by the U.S.
State Department are established for high-cost programs like
Spacelab. Other programs involve agency-level memoranda of un-
derstanding signed by the NASA administrator and his foreign
counterpart, with State Department concurrence. Letters ofagree—
ment signed by the NASA International Affairs Division and its
foreign counterpart can also be used for a wide range of programs.
Some informal projects may be carried out with simple verbal
agreements.

NASA is currently conducting joint research with several for-
eign space agencies, including the European Space Agency (ESA)
and those of the U.S.S.R./Russia, France, Germany, Canada, and
Japan. These activities are briefly described below.

U.S.S.R./Russia

Before its breakup in December 1991, the U.S.S.R. operated what
was probably the most active space program in the world. However,
its agenda was frequently shrouded in secrecy, probably due to a
lack of separation between military and civilian space activities.
Since the formation of the Russian Space Agencyin 1992, anumber
of changes have been made in space policy. Space activities have
become less prolific because of budgetary restrictions, but at the
same time, they have become more visible because of the need for
cooperation with other countries.

Before 1991, the Soviet Academy of Sciences played alead role
in U.S.S.R. civil space activity. The Intercosmos Council for Inter-
national Cooperation in the Study and Utilization of Space was
created by the Academy to develop cooperation with the Socialist
satellite countries, and later Western Europe and the U.S. The
Council was responsible for the initial international agreements in
space life sciences research. It coordinated the activities of the
Institute of Biomedical Problems in Moscow, which manages the
Cosmos biosatellite program.

The Institute of Space Research (IKI), a division of the Acade-
my, was also highly involved in international cooperative efforts.
The planetary studies laboratory at the Vernadsky Institute of
Geochemistry frequently collaborated with the IKI. The Glavkos-
mos agency was created to develop the commercial aspect of Soviet
Space activity.
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The restructuring of the former U.S.S.R. space program in 1992
has led to a separation of military and civilian activities, with the
Defense Ministry being responsible for the former and the Russian
Space Agency for the latter. Ten of the former states of the Soviet
Union may also jointly fund the civilian program.

There have been three areas of cooperation in the space life
sciences between the U.S. and U.S.S.R. The first was exchanging
data from flight experiments relating to the human response to
space flight. Soviet data on the effects of long-term space flight on
bone loss and cardiovascular deconditioning have been very useful
to American researchers, especially because there were no manned
U.S. flights during the period from the 1975 Apollo-Soyuz Test
Project to the first Shuttle mission in 1981. Second, joint ground-
based simulations of space flight conditions, such as long-term bed
rest studies, have been conducted. The third area of cooperation
was in basic biological and biomedical research. A joint U.S.-Soviet
three-volume publication on Space Biology and Medicine was
produced in 1975. A second edition is currently in preparation. Life
sciences investigations were performed jointly on the Apollo-Soyuz
mission. The U.S. also participated in the Cosmos series of biosat-
ellite missions, to gather important data and to exchange informa-
tion on problems of space biology.

An agreement for cooperation in space at the interagency level
was first generated in 1962, between NASA and the Soviet
Academy of Sciences. In 1971, a Science and Applications Agree-
ment was signed between the U.S. and U.S.S.R., paving the way for
joint studies in Space Biology and Medicine. This agreement was

reinstated in 1987. In 1974, the Soviets offered to fly U.S. experi-
ments on their Cosmos biosatellite for the first time. Since then, the
U.S. has taken part in eight Cosmos biosatellite missions. Seven of
these missions are described later in this volume.

Initial U.S. experiments on Cosmos consisted of “carry-on”
packages, which were for the most part functionally independent,
requiring no electrical power from the spacecraft. On later mis-
sions, U.S. experiments were carried out on rhesus monkeys and
rats housed in Soviet animal habitats. On these flights, U.S. battery-
powered instruments were integrated with Soviet spacecraft data
systems to record biomedical data.

In 1992, a new agreement was signed between the U.S. and
Russia to facilitate scientific and technological cooperation. A
commercial contract was also drawn up between NASA and the
Russian firm NPO Energiya. Through this contract, NASA will be
able to use Russian technology in future U.S. missions, including
the International Space Station.

The overall success of the U.S.-U.S.S.R./Russian collaboration
in the space life sciences is due to several factors. Focused science
objectives were important. The selection of complementary study
areas provided a stronger incentive for cooperation. Instrumenta-
tion used in the U.S.-U.S.S.R. missions was carefully reviewed to
avoid violating technology transfer regulations. A relatively
flexible institutional organization on both sides allowed plans to be
implemented in spite of a frequently difficult political environ-
ment. And finally, mutual confidence, knowledge, and goals have
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developed between working groups with continuity of members
over a long period of cooperation.

NASA plans to continue cooperative activities with the Russian
Space Agency. A cosmonaut will fly on the U.S. Space Shuttle in
the near future and a U.S. astronaut will spend some time on the
Russian Mir Space Station. Substantial Russian participation is also
expected on future U.S. missions, including docking the Space
Shuttle with the Mir.

The European Space Agency

The ESA was formed in 1975 by 11 Western European nations.
Member countries now number 13: Belgium, United Kingdom, Den-
mark, France, Ireland, Italy, The Netherlands, Spain, Sweden, Swit-
zerland, Germany, Austria, and Norway. Canada has a technical
agreement of cooperation with the agency. Headquartered in Paris,
ESA has major facilities in The Netherlands, Germany, and Italy. Its
principal objective is to achieve cooperation between member coun-
tries in developing space research and technology for peaceful purpos-
es. Members contribute to ESA’s general budget and mandatory
scientific programs according to their gross national products. Each
state also contributes voluntarily to optional ESA programs. A large
percentage of ESA’s budget is spent on financing contracts to Europe-
an companies for building launchers, satellites, and other space flight
hardware.

NASA has participated in numerous collaborative ventures with
ESA. A formal Joint Working Group in the life sciences was

established in 1986. The Spacelab was built under the auspices of
ESA for the U.S. STS. Personnel have been exchanged between the
two agencies. The ESA-built Biorack hardware was jointly used by
NASA and ESA on the NASA-sponsored International Micrograv-
ity Laboratory missions in 1992 and 1994. ESA is also expected to
be a major contributor to the International Space Station program,
and will be responsible for Columbus, a module that is to be
attached to Space Station. Germany and Italy have proposed using
Spacelab-derived hardware to form Columbus.

France

As the primary space power in Western Europe, France, together
with Germany, is the driving force behind the ESA. Before 1992,
the Soviet Union collaborated in more space activities with France
than with any other country. France was the third nation, after the
U.S. and the U.S.S.R., to achieve national launcher capability, and
now has significant capabilities in space manufacturing, Earth
observations and telecommunications satellites.

The French Centre des Recherches de Medicine Aéronautique
(CERMA) has existed, under different names, since the 1920s. Its
activities are concerned primarily with aeronautical medicine; it
investigates problems of physiology and medicine posed by the
airplanes of the French Air Force. Until 1964, CERMA’s space-
related research was carried out directly with military teams. In
1964, the French government created the Centre National
d’Etudes Spatiales (CNES) to study scientific and technical prob-
lems of a nonmilitary nature. From then on, CERMA experiments

12
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Claude Milhaud was trained as a veterinarian
and is a graduate in physiology, biochemistry and
psychophysiology. He is now a General in the
French Air Force.

He entered the arena of space life sciences
research in 1967, when he became involved in a
project at CERMA. A year later, he began to
study the pharmacology and toxicology of
substances that could keep human beings awake
for several days. He studied monkeys, looking at
how specific drugs affected their behavior and
physiology. In 1974, NASA came to Europe to
present the Shuttle Program and to solicit research
proposals. During the same time, ESA proposed
the construction of Spacelab. “We saw the value
of the rhesus monkey model,” says Milhaud, “so
we suggested studying a system for maintaining
monkeys in space.” Monkeys seemed to be good
human surrogates for space physiology
experiments. He recalls the failure in 1969 of the
American Biosatellite ITI mission. “We at CERMA
found it surprising. But this disappointment made
us more aware that the first priority of a space
flight experiment was to bring healthy animal
subjects back to Earth.”

Claude Milhaud

In 1975, CNES became interested in the
CERMA project, and asked the French aerospace
firm MATRA to preliminarily evaluate the
experiments. This very rudimentary study was
presented to the Congress of Aerospace Medicine
in Tel Aviv in 1975. At the Congress, a session
dedicated to space physiology was presided over
by Professor Nello Pace, a primate physiologist
from Berkeley, California. (See page 61.) Pace’s
interest was kindled by the presentation because
of his own experiments with macaques. He
invited the CERMA team to the U.S. to visit his
laboratory and ARC, and to build contacts for a
possible future collaboration between the U.S.
and France. “My colleagues and I made our first
trip to the U.S. in September 1976,” Milhaud
remembers. “That was the point at which the
cooperation began.”

From 1976 to 1980, Milhaud’s team began
developing a system that could be used for
pharmacology experiments and for studies on the
Space Shuttle. They used this system to conduct
research with 12 restrained monkeys maintained
in controlled environments. “We always kept in
mind dimensions and shapes compatible with the

Spacelab,” Milhaud says. “We had regular
contact with people from Ames and NASA
Headquarters. They used to stop in Paris
during frequent trips to the U.S.S.R. as
participants of the Cosmos Biosatellite
A CERMA delegation also
participated regularly in joint meetings with
NASA. Theideafor the French-U.S. Rhesus
Research Facility project crystallized slowly
through these meetings. Initially, the
contacts between the two countries were

Program.”

mostly personal ones, but in later years
relations have become more formal, and
resulted in a NASA-CNES cooperative
program focused on space research utilizing
rhesus monkeys.
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were controlled, progressively more rigorously, by CNES. Today,
CERMA is a contractor to CNES like many university laboratories.
CNES is responsible for all the space activities in France, and
particularly for those concerning physiology and medicine.

CNES is the largest national space agency in Europe. It pro-
vides a framework not only for the French national space program
but also for the French commitment to ESA. Although headquar-
tered in Paris, CNES has its principal engineering and technology
facility in Toulouse, and several other operating centers are located
nationwide, including Evry and Guyanais. It also maintains two
balloon-launching sites at Aire-sur-I’Adour and Gap Tallard. CNES
is accountable to the French government’s Ministry for Research
and Industry. In recent years, the agency has established several
companies and economic interest groups to commercialize space
activities.

It is through CNES that bilateral space programs developed
between France and other countries are managed. NASA has
collaborated with France in space science and technology for
several years. A Joint Working Group in life sciences was estab-
lished in 1985. The two agencies conducted joint investigations on
the International Microgravity Laboratory missions. A NASA-
CNES program to fly 2 rhesus monkeys within a jointly-
developed Rhesus Research Facility on a 16-day Space Shuttle
mission was under development. It was halted in 1994 due to the
absence of a manifested mission.

Germany

Until recently, the Deutsche Forschungs-und Versuchsanstalt fiir
Luft und Raumfahrt (DFVLR), the aeronautics research establish-
ment of West Germany, was the primary national agency involved
in space activities. In 1989, the Deutsche Agentur fiir Raumfahrt-
Angelegenheite (DARA), became the central management organi-
zation for German space activities. A state secretaries’ committee
on space chaired by the federal minister for research and technol-
ogy is responsible for defining goals and commissions for DARA.
The agency has the legal status of a private company with limited
liability, and is owned and financed by the federal government.
A cabinet committee on space chaired by the Chancellor provides
programmatic and budgetary guidelines for space policy.

DARA represents Germany at the international level and is
responsible for multilateral and bilateral agreements. It emphasiz-
es manned and microgravity programs. Germany has been involved
in the Columbus program and has had extensive manufacturing and
manned flight experience with the European-built Spacelab. It was,
in fact, the largest contributor to the Spacelab. The Spacelab D1
mission flown in November 1985 included a number of German-
sponsored life sciences experiments. Spacelab D1 represented the
first time that a foreign government leased an entire shuttle mission
from NASA. German scientists flew scientific experiments on the
1991 Spacelab Life Sciences-1 mission, IML-1, and again on the
Spacelab Life Sciences-2 mission in 1993. Another German payload
was flown on the Spacelab D2 mission in 1993. Coupling of
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studies carried out on Spacelab D2 and the Spacelab Life
Sciences-1 and -2 missions benefited both countries.

Japan

Several national organizations are involved in Japanese space ven-
tures. The Space Activities Commission was created in 1968 to
coordinate and administrate space activities. The Science and
Technology Agency provides the secretariat to the Commission,
and is responsible for planning policy, developing international
cooperation and promoting use of space. The Science and Technol-
ogy Agency also controls the National Space Development Agency
(NASDA), which was founded in 1969. NASDA is responsible for
practical applications in space. Besides developing satellites and
launchers, and launching, tracking and controlling satellites,
NASDA promotes scientific experimentation in space. The Nation-
al Space Laboratory is also linked to the Science and Technology
Agency, and undertakes fundamental research in the space scienc-
es. The University of Tokyo’s role in space sciences has now been
taken over by the Japanese Institute of Space and Astronautical
Science. This institute carries out research and development activ-
ities on scientific satellites and launchers. In addition, several
Japanese companies are constructing operational telecommunica-
tions satellites.

NASA established a Joint Life Sciences Working Group with Japan
in 1985. Japan is in the process of building a national manned space
program, using its experience in U.S. and international missions.
Japanese scientists are involved in the International Microgravity

Laboratory series of missions sponsored by NASA. The 1992
Spacelab-] mission was also a joint U.S.-Japan venture. Another impor-
tant Japanese contribution to the international space effort is the
Japanese Experiment Module, a pressurized microgravity facility that
will be attached to the planned the International Space Station.

Canada

The Canadian Space Agency was formed in 1989, drawing together
the space activities of the Ministry of State for Science and
Technology, the Department of Communications, the Department
of Energy, Mines and Resources, and the National Research Coun-
cil. The agency manages the civil space program, which includes the
development of space science and technology and the astronaut
program. Canada’s involvement in international space activities
arises through its associate membership in the ESA and its long
history of close collaboration with NASA.

Canada developed the Remote Manipulator System for the U.S.
Space Shuttle, making it the largest national contributor to the STS
outside the United States. Canadian experiments have been flown
on several Shuttle missions and some have included Canadian
scientists as crew members. Canada plans to provide a Mobile
Servicing Station for the International Space Station, which will be
critical for assembling, maintaining, and servicing the station.
Canada is also expected to participate in materials sciences and life
sciences research on the Space station.
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3 FLIGHT EXPERIMENT IMPLEMENTATION

Conducting a life sciences experiment on-
board a spacecraft can be a formidable task
(Fig. 3-1). Designing experiments, assem-

bling the necessary resources, building the
LEAD TIME TIDES
ESTABLISH LAB

appropriate hardware, conducting innu-
merable tests and coordinating experi-
ments with missions are time-consuming,
complex activities. The entire effort may
take from 2 to 10 years, depending on the
nature of the experiment and the mission | ¢ “Efa  __2---
(Fig. 3-2). The need for ground-based con-
trol studies to verify the scientific validity
ofinflight data further complicates the pro-
cess.

The major activities involved in carry-
ing out an experiment in space are
described for two cases. The STS program
represents a situation where experiments
can be performed in manned spacecraft. In
such cases the experiment design, types
of animals, hardware used, and preflight
and postflight operations must be compat-
ible with crew safety requirements. The
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in an unmanned vehicle. In this case, ex-

periments are not constrained by crew Figure 3-1: The space life science researcher’s story from the U.S. Biosatellite era .

Institute of Biological Sciences, Experiment Survey Program, Biosciences, U.C. Berkeley,1968.
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safety standards, but they must rely on automated hardware be-
cause inflight crew manipulations are not possible.

Experiments on the Space Transportation System

Preparation of a payload for flight on the STS occurs at three levels:
experiment, payload, and mission (Fig. 3-3). Objectives, design,
and hardware requirements must first be developed for individual
experiments. All of the experiments must then be integrated into a

LIFE CYCLE OF A TYPICAL BIOSCIENCE
FLIGHT EXPERIMENT

OBSERVATION, THOUGHT,
STUDY g B

BASIC RESEARCH
EXPERIMENT DEFINITION _ | _ _ — — _ _ =
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DATA ANALYSIS
PUBLICATION
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Figure 3-2: Life cycle of a typical life science flight experiment from the U.S.
Biosatellite era. Adapted from American Institute of Biological Sciences,
Experiment Survey Program, Biosciences, U.C. Berkeley, 1968.

single payload which satisfies the requirements of each experi-
ment. Finally, this payload must be incorporated into a designated
mission. This means that the payload must accommodate the
constraints set on the mission by other payloads, by the design of
the spacecraft, and by crew safety and operation requirements.

NASA conducts at least three reviews at each preparatory
level. These are the Preliminary Requirements Review (PRR), the
Preliminary Design Review (PDR), and the Critical Design Re-
view (CDR). Through these reviews NASA maximizes the poten-
tial for implementing a successful life sciences experiment in
space. The three reviews within a level progressively refine the
experiment, payload, or mission. The results of the reviews from
one level are fed into the next level of development.

Experiment Development
Selection

NASA receives both solicited and unsolicited proposals for
flight experiments from researchers in various life sciences disci-
plines. NASA, or an external agency selected by NASA, evaluates
the scientific merit of each proposal through a peer review process.
ARC, JSC, or KSC determines the feasibility of conducting each
proposed experiment in space. They address engineering and
experiment development costs, management requirements, and
availability of NASA resources. NASA Headquarters then selects a
subset of feasible experiments. This is the candidate pool from
which experiments are finally chosen for definition.
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MISSION DEVELOPMENT

PAYLOAD DEVELOPMENT

— EXPERIMENT DEVELOPMENT
Three major factors are considered when assigning
EXPERIMENT SELECTION |

Proposals soliciied experiments to a particular mission. First, scientific yield
Peer review from different research areas has to be maximized. Second,
NASA evaluation there must be minimal interference between experiments.
Candidate poo Finally, maximum use must be made of common facilities,

- S HARDWARE sensor systems and data processing equipment.
Experiment PR DEVELOPMENT

[EXPERIMENT DEFINITION Hardware desig;|| Definition
Initial experiment design

Reqsul:;)eprgi?rz :Fuddailteesd fabrication after a contract or grantis negotiated between an investigator
and NASA. Several issues must be addressed to fully define

- Biocompatibility
<Exper|ment P}D testing an experiment (Table 3-1).
Experiment CDR Flik?ht r:fardware The science objectives of the experiment must be clearly
rication
Payload PRR abricato formulated and the feasibility of conducting the experiment

in space carefully evaluated. The resources required for
Payload P>DR developing the experiment must be available. Ground-based
System/subsystenl

Payload CDR testing operations necessary for conducting the flight experiment,

and supporting studies to assess experiment feasibility, must

Integration Readiness Review| s .
l 9 also be defined.
Mission Integration Readiness Revie Requirements are updated as the experiment undergoes

Prototype Detailed definition of experiment requirements begins

continuous refinement. Supporting studies are conducted to

Mission PRR . . . .
- provide baseline data for each experiment. Such studies are
Mission PDR initiated early because they affect the experiment’s overall

design. If the initial design does not receive NASA concur-

FLIGHT ‘m{o rence, new approaches are considered.

Figure 3-3: Preparation of a payload for a Space Shuttle mission.

* PRR: initial design formulated.

e PDR: design reviewed and hardware requirements incorporated.
e CDR: design finalized and building of flight hardware approved.
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Science Objectives

Hardware/ Data Requirements

Mission Constraints

Safety Considerations

Equipment/Science Verification Procedures

Operations

e Hypothesis
e Experiment Goal
* Research Subjects

¢ Housing for Research Subject
-provision of food and water
-suitable environment
-waste collection

e Measurements
-physiological

-environmental

Size of Payload

Weight of Payload

¢ Power Requirements of Payload
Thermal Issues

¢ Biological Isolation
¢ Flammability/Offgassing of Hardware

* Data Acquisition Capability of Hardware
* Biocompatibility of Hardware

¢ Feasibility and Value of Science

® Supporting Studies

¢ Crew Training

Preflight, In-flight, and Postflight Procedures
Ground Support Equipment

® Logistics

Table 3.1:

Issues addressed during development of a flight experiment.

Hardware Development

Hardware must be specially built or modified to suit the space
environment. Flight hardware is designed to meet stringent re-
quirements pertaining to safety, mass, mechanical operation, struc-
tural features, electrical power usage, computer interfaces, and
thermal properties. Safety standards must be verified and meticu-
lously recorded. In addition, all flight hardware must be tested to
verify that it can withstand the mechanical and acoustic vibrations
encountered during launch, the acceleration forces (up to 3.2 g)
during ascent into orbit, and the microgravity conditions in orbit.

Flight hardware includes equipment for housing the experi-
ment subjects and monitoring their health and general well-being.
Individual experiments sometimes require that special hardware be
designed and fabricated (experiment unique equipment
(EUE)), in addition to general purpose multi-user flight
hardware. Hardware prototypes are fabricated during the experi-
ment development phase. They must be compatible with the design
and safety requirements of the STS and be able to withstand the
stress of launch and re-entry. At the same time, appropriate system
interfaces are designed and procedures for instrument verification
developed. Prototype hardware designs are reviewed twice before
flight hardware is fabricated. Existing ground hardware is also
evaluated for potential transition to flight application at this time.

A formal review is conducted once the experiment and hard-
ware design is completed and formally defined. After acceptance at
this review, the experiment is ready to be incorporated into a

payload.
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Payload Development

Payload development is the process by which individual experi-
ments are combined into a cohesive package. It is analogous to and
frequently proceeds in parallel with the experiment development
process. The results from individual experiment and hardware
reviews provide input to the formal payload review processes.

Flight hardware is developed during this phase. Besides the
items that are actually flown on the Shuttle, this hardware includes
flight and ground data systems and special ground support equip-
ment, such as checkout equipment for interface verification and
functional tests. All flight hardware is subjected to verification
testing and formal reviews.

A payload must undergo testing at the subsystem and system
levels. Two main tests are conducted at the system level. The first
is a Biocompatibility Test, so called because it is used to assess the
compatibility of the hardware with the biological environment
(including research subjects). The second is the Experiment Veri-
fication Test (EVT), which uses a simulated mission timeline and
simulated flight conditions to verify the effective interaction of
experimental procedures, hardware, and personnel.

In addition, the readiness of the payload for integration into a
mission must be evaluated before it is shipped to KSC. Once it is
demonstrated that the mandatory verification procedures have
been performed, the payload is ready for physical integration into
the Spacelab or the Shuttle middeck at the launch site.

Training of flight and ground support personnel is an important
part of any space flight mission and is often conducted in specialized
facilities. These may be equipped with flight hardware mockups,
mathematical models, or payload simulators such as the Spacelab
simulators provided for crew training at [SC and Marshall Space
Flight Center (MSFC).

Payload Integration

Payload reviews generate results which provide input to the reviews
held at the mission level. All requirements from various payloads
must be combined to ensure mission success. During this period,
hardware is fitted into the spacecraft, mission support personnel
are acquired, and the crew is trained. The compatibility of the
payload with the STS and with other payload elements, and overall
system safety must be confirmed. Much of this activity takes place
at KSC. ARC’s involvement, and that of the investigators, is essen-
tial throughout this phase.

Investigator’s Role

The investigator plays an important role during the entire payload
development phase. Investigator Working Groups are established
during the experiment definition phase to coordinate the require-
ments of different experiments. Investigator input is critical when
evaluating the capability of the hardware to meet experiment
requirements, and during biocompatibility testing. The investiga-
tor must help train crew members to familiarize them with exper-
iment requirements and in-flight procedures. The investigator also

Flight Experiment Implementation
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assists in evaluating payload design in relation to the defined
experiment requirements and in reviewing payload integration and
checkout.

Science support facilities at ARC, KSC, MSFC, and JSC give
investigators access to in-flight data while the mission is in progress.
These facilities also enable investigators to communicate with crew
members during the mission.

Flight Phase

The flight phase begins at launch. Once the spacecraft reaches
orbit, crew members follow a minute by minute schedule to
accomplish the mission and experiment objectives. During these
operations, the crew can consult with investigators via two-way
voice communications, air-to—ground telemetry (data transmis-
sion), and television.

In-flight data is displayed simultaneously onboard and in the
Science Operations Area at the MSFC. This data can also be
transmitted to Test Monitoring Areas at ARC, JSC, KSC, and
remote laboratories.

Operations that take place on the ground during the flight phase are
as important as those that occur onboard the spacecraft. The Mission
Control Center at JSC is responsible for monitoring and providing
contingency support for orbiter payloads, two-way com-
munications with the crew and onboard systems, and transmitting
flight data to a central site. It also communicates with the Payload

Operations Control Center (POCC) for coordinating flight operations
between orbiter and Spacelab payloads. The POCC houses data
monitoring facilities and commands payload elements in the Space-
lab while maintaining communications with the Mission Control
Center and the crew.

Pre/Postflight Operations

Preflight studies are frequently conducted several months before the
mission to collect baseline data for flight experiments. Many
investigators also require preflight collection of biosamples or data.
During this period, investigators use laboratory facilities at various
NASA centers to prepare experimental subjects for flight and to take
preflight baseline measurements.

Special facilities are situated at launch and landing sites for
harvesting and processing biospecimens, and for preflight data
collection. For instance, the Life Sciences Support Facility at KSC
is used for preparing and analyzing nonhuman biospecimens. Avail-
able resources include common laboratory supplies and analytical
instruments, and animal maintenance facilities.

Experimental subjects are usually loaded into the Spacelab
about 30 hours before launch and may be removed from the
spacecraft as early as 3 hours after landing. Middeck payloads can
be loaded about 18 hours before launch. Data collection com-
mences at a facility situated at the landing site. Special arrange-
ments are made if the orbiter is forced to land at a secondary or
contingency site.
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Experiments on Cosmos Biosatellites

U.S. scientists have conducted many experiments within the Soviet
Cosmos biosatellite program. Experiments on the Cosmos biosatellite
differ from those carried out on the Space Shuttle mainly because of
one important factor. Since the biosatellite is unmanned, all in-flight
experimental operations must be automated, as must all spacecraft
subsystems and life support systems for experimental subjects. The
biological subjects cannot be directly observed, although video view-
ing is possible. Repair or manual regulation of the life support system
or the experiment hardware is not possible in flight, as are even the
simplest of experimental operations. An unmanned satellite, there-
fore, has special demands for quality and reliability, especially in the
equipment that provides automatic control and remote monitoring
during the course of the flight experiments. This need for automation
places some constraints on the types of experiments that can be
performed on the biosatellite. Additionally, extensive shock and
vibration testing needs to be carried out because of the impact of

landing.

There are, nevertheless, distinct advantages to using un-
manned vehicles for experimentation in space. The overall cost
per mission is considerably less than for a manned mission. A wider
range of materials can be used in hardware fabrication because
crew safety is not a consideration. For the same reason, experi-
ment design is more flexible. Missions can be terminated early if
necessary or extended to maximize science return without concern
for the requirements of the crew.

Experiment Development
Selection

Flight programs are developed by the U.S.S.R./Russia. The
forum for presenting these program scenarios is frequently at
meetings of the Joint Working Group for Space Biology and Med-
icine. At these yearly meetings, joint projects are discussed. Exper-
iment proposals are invited from the U.S. and other participating
countries. Once proposals are accepted and approved by Russian
specialists, plans are exchanged on the best means of imple-
menting the studies.

Definition

Experiments submitted by U.S. investigators are conducted
jointly with Russian counterparts. Tissue samples and data are
frequently shared between the two countries. In some cases, Rus-
sian and U.S. investigators perform complementary analyses of
flight data, thus enhancing the science of both countries.

A key document, the Experiment Management Plan, is pre-
pared for each experiment. This plan is a comprehensive summary
of the experiment objectives, data, equipment, and operational
requirements. It also outlines the agreements made between Rus-
sian and U.S. scientists with respect to data sharing and provision of
equipment. The document is regularly updated, providing a means
for recording the experiment’s evolution to a state of readiness for

flight.
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Hardware

On the first three Cosmos missions with U.S. participation,
most U.S. experiment hardware was in self-contained packages
during the flight. Life support for the experimental subjects
was provided mainly by the Soviet spacecraft environmental
control system. These packages were delivered to the U.S.S.R.
after flight qualification testing was performed in the U.S. The
packages were installed in the spacecraft, flown in Earth orbit, and
then returned to the U.S. Rodent and primate housing systems have
always been provided by the U.S.S.R. In recent years, hardware
development for the Cosmos experiments has become more of a
joint effort. From the time of the first primate mission, Cosmos
1514, the U.S. began to supply hardware that required integration
with Soviet equipment. On these later missions, U.S.-built hard-
ware was often used to obtain physiological data. Such collaboration
demanded joint verification testing and greater cooperation
between the two partners.

U.S. flight hardware is subjected to extensive testing to ascer-
tain that it can withstand launch, space flight, and the impact of
biosatellite landing. Although testing is thorough, documentation is
kept to a minimum.

Payload Development and Integration

Russia develops and integrates the payload. U.S. representatives are
in frequent contact with Russian specialists. Experimental tech-

niques are verified in the U.S. using animal subjects similar to the
Russian flight subjects. Training sessions and development of detailed
procedures are necessary since Russian and U.S. investigators collab-
orate closely in many of the preflight and postflight activities. Such
activities include sensor implantation, biosampling, tissue preserva-
tion, and other experiment operations.

Complicated logistics and differences in language and metho
dology sometimes hinder coordination of Russian and U.S. activ-
ities. A true cooperative spirit has been important in circumventing
these difficulties.

Investigator’s Role

U.S. investigators conducting experiments on the Cosmos biosatellite
are not typically involved in mission logistics. Researchers base their
experiments on the guidelines of the mission plan provided by the
Russians. Investigators conduct preflight testing to ensure the
suitability of techniques and hardware, which is essential to experiment
success. In some cases Russian personnel are trained to conduct
experimental procedures in the investigator’s absence. Investigators
frequently travel to Russia before the flight. Although they do not take
part in any launch or landing activities, they are able to perform
preflight/postflight testing on the flight animals during a certain win-
dow of time before launch and after recovery. Biosamples from exper-
iment subjects are processed by U.S. investigators either in Russia or
at their own laboratories.
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The Flight Phase

In the past, the launch of the biosatellite has been a closed event and
participation by foreign representatives has rarely been invited.

Flight duration is determined by the program of scientific
studies. While in orbit, the onboard systems of the satellite operate
in accordance with the flight program. Animals are allowed access
to food and water according to a specific schedule. An automatic
lighting system provides simulated day and night periods. Radio
telemetryis used to control the flight subjects’ environment and the
spacecraft systems. Russian ground stations track the path of the
biosatellite.

Pre/Postflight Operations

Preflight studies are conducted in the U.S. several months before
the launch. U.S. investigators conduct some limited preflight and
postflight operations, but in most cases Russian specialists handle
flight animals.

Unlike the Space Shuttle, the Cosmos biosatellite does not land
at a specific site. An automatic landing system controls the descent
of the biosatellite’s landing module. As the module moves through
the Earth’s atmosphere, a parachute system becomes operational,
which cushions the impact of landing. Radio direction finding
equipment is used to locate the biosatellite.

Once the biological subjects are recovered, immediate post-
flight operations are conducted in a temperature-controlled field

laboratory erected at the landing site. Primates are examined upon
recovery and then shipped to Moscow for testing.

Processing of other biospecimens begins three or four hours
after landing. Tissue samples requested by U.S. investigators are
preserved or frozen according to instructions, and later shipped to
the U.S. If required, postflight testing is performed after the
subjects have been transported to Moscow.
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4 Programs, Missions, and Payloads

Overview

Space life sciences experiments conducted between 1965 and 1990
are summarized in this chapter. Missions conducted before 1965
occurred before life sciences research had been established at a
specific NASA center. The post-1965 missions were developed by
ARC, and are the primary focus of this book. Each mission is
described in subsequent sections of this chapter.

Biological Payloads Before 1965

The first U.S. effort at sending biological payloads into space was
probably in late 1946, when a balloon flight was launched from
Alamogordo, New Mexico. The intent was to study the effect of
cosmic radiation in the upper Earth atmosphere on fungal spores.
The flight was unsuccessful because the spore containers were not
recovered. Another flight was made a year later, using fruit flies.
The payload was recovered successfully after attaining an alti-
tude of 170 km. No effects of cosmic radiation were noted. The
balloon flight program began to gain momentum around 1950.
More than 30 balloon flights were conducted between 1950 and
1954. Fruit flies, mice, hamsters, cats, dogs and rhesus monkeys
were flown to altitudes ranging from 27-30 km for durations of
up to 28 hours.

By this time, interest had also become focused on subor-
bital rocket flights. Rockets had been in evidence for many

V-2

years, but the solid fuel engines in use were not suitable for reaching
very high altitudes. The first liquid fuel engine to become opera-
tional was the V-2 rocket designed by the Germans. After World
War IT and the capture of German V-2 rockets, the U.S. began to use
vehicles of this type to study the ionosphere. Biological specimens
were used frequently on these flights to obtain information relating
to human survival in space. At least nine V-2 rockets were flown
between 1946 and 1948, with payloads containing seeds, fungal
spores, and fruit flies.

From 1948 to 1952, a series of eight vertical rocket flights was
launched to gather physiological data about the effects of suborbital
flight on monkeys and mice. A capsule capable of carrying a non-
human primate was constructed for the first flight in the series,

together with a system for telemetry of physiologic data. The
capsule housed an anesthetized rhesus monkey named “Albert”
within the nose cone of the rocket. The monkey was restrained in
an extended position, by means of nylon netting, in a specially
designed couch padded with sponge rubber. A thermocouple
located in a rubber face mask monitored respiration. Electrodes
in the leg and chest were used to record electrocardiograms. The
capsule was not recovered because the parachute failed to deploy
during descent. A second capsule with a rhesus monkey was
launched a year later, to an altitude of 133 km. The parachute
failed again during descent, and the recording equipment

rocket
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onboard indicated that the animal died on impact. The next two
flights each carried a cynomolgus monkey; neither animal was
recovered. An unanesthetized mouse was launched in 1950, on the
last V-2 flight in the series. The animal was photographed at
intervals throughout flight. Although the mouse died on impact, the
camera and film were recovered. Analysis of the recovered data
showed that the mouse oriented itself by using tactile and visual
cues during the brief period in microgravity.

By 1949, the U.S. had de-
veloped the Aerobee, a high-
altitude, fixed-fin stabilized,
free-flight rocket. The first
Aerobee flight with a biologic
payload was launched in
1951. The anesthetized cebus
monkey onboard was not re-

Macaca mulatta,
rhesus monkey

covered because of parachute
failure. Five months later, a
second Aerobee flight was
launched to an altitude of 71
km and the payload success-
fully recovered. The rocket

carried a single instrumented
monkey and 11
unanesthetized mice. Elec-

rhesus

trocardiogram, respiration,
and arterial and venous pres-

sure measurements were
performed on the mon-
key. Nine of the mice +6x
were used in a study of the
effects of cosmic radia-
tion. The two remaining
mice were flown inside a
special drum that rotated
about an axis transverse to
the long axis of the rocket.
One compartment of the
drum contained a laby-
rinthectomized mouse;

/

Gz

=

the other contained a nor-
mal mouse. The mice
had to climb over a smallpaddle located in each compartment and
their performance was photographically recorded. Interestingly,
the labyrinth-defective mouse performed well in the weightless
condition, while the normal animal displayed marked disorienta-
tion. The rhesus monkey died from heat exposure soon after
landing, because the recovery team reached the landed capsule
only after some delay. The last flight of the series, Aerobee 3, was
launched in 1952. Two cebus monkeys were flown, together with
two mice (one labyrinthectomized and one normal). The experi-
ment with the mice confirmed the results of the previous flight.
One of the monkeys was placed in a seated position to receive
exposure to +Gz (head to tail) acceleration, and the other in a
supine position to receive +Gx (chest to back) acceleration
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(Fig. 4-1). Both monkeys and mice survived the flight without
noticeable ill effects.

In mid-1958, a mouse named Wickie was sent into space in the

The same measurements were re-
corded from arhesus monkey, Abel, and
a squirrel monkey, Baker, flown on

Bioflicht 2 the following vear. Elec- ~ \
first flight of the “Mouse in Able” program. The biological capsule 5 &Y . ¢ N \
) . o o tromyogram data were also obtained. & Q W
was flown in the nose cone of a Thor-Able missile combination to . . A h
) ) ) ] Inserting the monkey capsules into the ~
experience a 20-minute period of weightlessness. The mouse was L

not recovered. A single mouse was flown on each of the next two
flights of the program. Because of conflicting
reports, it is not clear if these mice were recovered
safely . However, physiological data were
telemetered to the ground during the
flight period, and the mice did survive
re-entry into Earth’s atmosphere.

Later in 1958, Bioflight 1
launched an unanesthetized

squirrel monkey, named Old Re-
liable, in a Jupiter rocket. The
rocket attained an altitude of
about 480 km. Telemetered ¢
data on heart rate, heart @
sounds, body temperature, and
cabin temperature, pressure,

N

and radiation were obtained. A res-
piration rate sensor was installed
but did not function. The life sup-
port system functioned well. The

animal was not recovered.

A

Jupiter rocket

Pan troglodytes,
chimpanzee

Jupiter rocket proved to be a consider-
able challenge because the rocket’s

Saimiri sciureus, squirrel monkey

not

nose
designed to accommodate a biological payload of this
size. Abel had to be installed in the nose cone three
days before launch. During the time on the launch
pad, he was fed intraperitoneally; wastes were al-

cone was

lowed to accumulate in diapers. An attempt was
made, for the first time, to collect data on perfor-
mance parameters during flight. Abel was trained to
tap a switch when a red light flashed in the capsule.
Unfortunately, data from the performance test sys-
tem was lost before takeoff. The capsule was success-
fully recovered. Abel died five days after the flight
during anesthesia for electrocardiogram implant re-
moval, but Baker survived.
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About a week after the Bioflight 2, four mice
were launched in a Discoverer 3 satellite in the first
U.S. attempt to orbit a biological payload. The
satellite failed to achieve orbit, and the payload was
never recovered.

In 1959 a rhesus monkey, Sam, was sent to an
altitude of 84 km in a Little Joe solid fuel launch
vehicle. Performance tests were conducted and
results successfully recorded. The flight was
repeated in 1960, with another monkey named
Miss Sam. Equipment for the manned Project
Mercury was verified on the two flights. Both
flights were successfully recovered. A fungus ex-
periment launched on a Nuclear Emulsion Recov-
ery Vehicle (NERV) capsule in 1960 was also
recovered.

Important information on radiation was gathered
during a 1960 flight that carried three mice to an
altitude of 650 km. An Atlas RZX-2A missile was
employed to boost the animal capsule. Orbit was not
achieved, but the capsule did pass through the inner
Van Allen belt (a high radiation zone encircling the
Earth). No adverse effects of radiation were noted in
the animals after recovery.

Before man attempted orbital flight, primates
were used to gauge survivability during space

Mission Payload

Gemini 3/Sea Urchin Experiment
Gemini 8/Frog Egg Package
Gemini 12/Frog Egg Package
Biosatellite I/Experiments capsule
Biosatellite II/Experiments capsule

Biosatellite ITI/Primate Experiments capsule

OFO-A/FOEP
Apollo 17/BIOCORE
Skylab/CPE

Cosmos 782/Bion 3
Cosmos 936/Bion 4
Cosmos 1129 /Bion 5
STS-3/0SS-1

STS-8 /SSTP

Cosmos 1514/Bion 6
STS-10/SSIP
STS-51B/Spacelab 3
Cosmos 1667/Bion 7
STS-51F/Spacelab 2
Cosmos 1887/Bion 8§
STS-29/SSTP
Cosmos 2044/Bion 9
STS-34/GHCD-01
STS-32/CNCR
STS-41/PSE-01

Spacecraft/Launcher
Gemini/Titan 2
Gemini/Titan 2
Gemini/Titan 2
Biosatellite/Thor Delta
Biosatellite /Thor Delta
Biosatellite/Thor Delta
OFO /Scout
Apollo/Saturn V

Saturn V/IB

Vostok (mod)/Cosmos C
Vostok (mod)/Cosmos C
Vostok (mod)/Cosmos C
Columbia/STS
Challenger/STS
Vostok(mod)/Cosmos C
Challenger/STS
Challenger/STS
Vostok(mod)/Cosmos C
Discovery/STS
Vostok(mod)/Cosmos C
Discovery/STS
Vostok(mod)/Cosmos C
Atlantis/STS
Columbia/STS
Discovery/STS

Launch Data
03/23/65
03/16/66
11/11/66
12/14/66
09/07/67
06/28/69
11/09/70
12/17/72
07/28/73
11/25/75
08/03/77
09/25/79
03/22/82
08/30/83
12/14/83
02/03/84
04/28/85
07/10/85
07/29/85
09/29/87
03/13/89
09/15/89
10/18/89
01/10/90
10/01/90

Table 4-1: Mission directory.
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Gemini Biosatellite

Figure 4-2: Flight experiments timeline.

Orbiting Flight Otolith (OFO)

Organisms Flown

Vertebrates: Adults or juveniles
Rat (Rattus norvegicus)

Rhesus monkey (Macaca mulatta)

Pigtailed monkey (Macaca nemestrina)
Squirrel monkey (Saimiri sciureus)

Pocket mouse (Perognathus longimembris)
Bullfrog (Rana catesbeiana)

Vertebrates: Embryonic forms
Frog (Rana pipiens) eggs

Walbaum fish (Fundulus heteroclitus) roe
Rat (Rattus norvegicus) fetus

Japanese quail (Coturnix coturnix) eggs
Invertebrates: Adults or juveniles

Fruit fly (Drosophila melanogaster)

Parasitic wasp (Habrobracon juglandis)

Mission/Payload

Cosmos 782, 936, 1129, 1514,
1887, 2044; STS-8, STS-10
STS-51B, STS-29, STS-41
Cosmos 1514, 1667, 1887,
2044

Biosatellite IIT

STS-51B

Apollo 17, Skylab 3

OFO-A

Gemini 8§, Gemini 12,
Biosatellite I,IT

Cosmos 782
Cosmos 1514
Cosmos 1129

Biosatellite I,1I,
Cosmos 782, 936
Biosatellite I,IT
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S51F

Skylab

Apollo
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Shuttle

Organisms Flown

Invertebrates: Embryonic forms

Fruit fly (Drosophila melanogaster) larvae
Flour beetle (Tribolium confusum) pupae
Sea urchin (Arbacia punctulata) eggs

Plants

Pepper (Capsicum annuum) plant
Flowering (Tradescantia) plant

Wheat (Triticum vulgare) seedling
Carrot (Daucus carota) tissue and/or cell
Pine (Pinus elliotti) seedling

Oat (Avena sativa) seedlings

Mung bean (Vigna radiata) seedling
Corn (Zea mays) seedling

Unicellular forms

Amoeba (Pelomyxa carolinensis)
Slime mold (Neurospora crassa)
Bacteria (Salmonella typhimurium)
Bacteria (Escherichia coli)

Mission/Payload

Biosatellite I,II, Skylab 3
Biosatellite I,IT

Gemini 3

Biosatellite I,IT
Biosatellite I,IT
Biosatellite I,IT
Cosmos 782, 1129
STS-3, STS-51F
STS-3, STS-51F
STS-3, STS-51F
STS-34

Biosatellite I,IT
Biosatellite I,II, STS-32
Biosatellite I,IT
Biosatellite I,IT

Table 4-2: Organisms used in NASA Ames Research Center flight experiments.

Programs and Missions

31



flight. A chimpanzee, Ham, was sent into space in a Mercury
capsule powered by a Red Stone booster before Commander Alan
Sheppard’s historic ballistic space flight in 1961. The capsule
reached an altitude of 250 km over a range of 662 km. Electrocar-
diogram, respiratory waveform, and rectal temperature were re-
corded from the chimpanzee. Data was also collected on the
performance of discrete and continuous avoidance tasks. The flight
was important in demonstrating that a primate closely related to
man could survive and perform critical tasks in space.

During the same year, an animal once again paved the way for
man, when a male chimpanzee named Enos preceded astronaut
John Glenn in orbital flight. The animal flew in a Mercury capsule
powered by an Atlas missile, and spent a total of 183 minutes in a
weightless environment. Electrocardiogram, body temperature,
respiration, and psychomotor tests were monitored as in previous
flights. A catheter was used to collect urine produced during the
flight, and the animal was diapered for feces collection. Arterial and
venous blood pressure was recorded via intravascular catheters.
Blood pressure was shown to be high, probably because of the stress
associated with instrumentation and flight.

The two chimpanzee flights verified the adequacy of the cap-
sule environment control system for subsequent use on manned
flights. The recoverability of the vehicles and the absence of ad-
verse physiological reactions from short-term weightlessness were
also demonstrated.

From 1960 to 1961, effects of microgravity and radiation were
studied in human serum, rabbit antisera, plant seeds, viruses,
bacteria and tissue cultures flown on the Discoverer satellites
XVII, XVIII, and XXXII.

Payloads Since 1965

Twenty-five missions were developed by ARC between 1965 and
1990, using 25 different species (Tables 4-1 and 4-2). Each
mission is described separately in the subsequent sections of this
chapter.

Additional Reading

Beischer, D.E. and A.R. Fregly. Animals and Man in Space:
Chronology and Annotated Bibliography Through 1960. ONR
Report ACR-64, USNSAM Monograph 5, Office of Naval
Research, Department of the Navy, Washington, D.C., 1961.

Bonting, S.L., ].S. Kishiyama, and R.D. Arno. Facilities for Animal
Research in Space. Advances in Space Biology and Medicine,
vol. 1, 1991, pp. 279-325.

Gurkin, L.W. The NASA Sounding Rocket Program and Space
Sciences. American Society for Gravitational and Space
Biology Bulletin, vol. 6, no.1, October 1992, pp. 113-120.

Simmonds, R.C. and G.H. Bourne, eds. The Use of Nonhuman
Primates in Space. NASA CP-005, 1977.
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Symposium on the Biosatellite II Experiments; Preliminary Re-
sults. Bioscience, vol. 18, no. 6, June 1968, pp. 537-661.

Young, R.S. Experimental Biology in Space. E. Stuhlinger, et al.
eds. Aeronautical Engineering and Science, McGraw-Hill,
1963.

Programs and Missions

33



Gemini Program
Program Overview

The one-man Mercury spacecraft that
were launched between 1961 and 1963
did not provide sufficient space flight
experience for the great endeavor that
was to be the Apollo program. It was
within the Gemini program that a large
part of this experience was gained. The
Gemini program’s primary objective
was to demonstrate long duration flight,
orbital maneuvers, guided spacecraft
re-entry, and space rendezvous and
docking. The success of the Apollo
program’s lunar landing objectives de-
pended on mastery of these techniques.

The first two Gemini missions were
unmanned tests of spacecraft systems.
During a 20-month period between 1965
and 1966, 10 manned missions were
flown, each with a crew of 2 men. During
the last five missions, the Gemini space-
craft met up with Agena rockets that were
placed in orbit as docking targets. The
need to rendezvous with orbiting targets
meant that launch windows were fre-

‘_ _ (a)

I

Titan 2

Figure 4-3: Launch and recovery of Gemini missions;

(a) Gemini capsule .
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quently very short. Because of this constraint, the efficiency of ground
operations improved dramatically during the Gemini era.

The Spacecraft

Although it was based on Mercury technology, the Gemini
spacecraft required relatively sophisticated maneuvering
capabilities because they had to dock with a rocket in orbit.
Onboard computers were needed for the same reason.

The 3.6 ton spacecraft was shaped like a truncated cone. Unfor-
tunately, the crew capsule was quite cramped because there was only
50 percent more cabin space than in the Mercury capsule, for twice
the number of crew members. Emergency crew ejection seats re-
placed the escape rocket tower that had been part of the Mercury
spacecraft. The compartments containing fuel, water, and oxygen
were designed to separate from the crew capsule before landing.

Small rocket engines were used to change the orbital path, and
radar allowed the spacecraft to rendezvous with orbiting rockets.
A fuel cell provided the electricity needed during long duration
flights.

A large number of science experiments were carried out on
the Gemini spacecraft. Three of these were life sciences investi-
gations developed by ARC.

Ad(ditional Reading

Gatland, K. The Illustrated Encyclopedia of Space Technology.
Orion Books, 1989.

NASA. Space Flight: The First 30 Years. NASA NP-150, 1991.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cam-
bridge University Press, 1990.

Turnill, R., ed. Jane’s Spaceflight Directory, 1986. Jane’s Publish-
ing Inc., London, 1986.

Wilson, A., ed. Interavia Space Directory, 1991-92. Jane’s Infor-
mation Group, Alexandria, Va. 1991.
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MISSION PROFILE: Gemini 3

Mission Duration: 5 hours
Date: March 23, 1965

Life Sciences Research Objectives

To study the effect of microgravity on embryonic
development

Life Sciences Investigations  [p. 179]

Cell/Developmental Biology (G3-1)
Organisms Studied

Arbacia punctulata (sea urchin) eggs
Flight Hardware  [pp. 550-551]

Sea Urchin Egg Package
Publications [p. 395]

Gemini 3

The Gemini 3 spacecraft was launched on March 23, 1965. Its
commander nicknamed it “Molly Brown™ after the Broadway hit
“The Unsinkable Molly Brown.” The mission was the first manned
flight in the Gemini Program. The primary task of the two crew
members was to test the new spacecraft’s maneuverability. Chang-
ing orbital paths had not been possible in spacecraft used in earlier

orbital flights.

Three orbits were completed before the Gemini 3 mission was
terminated. Although the spacecraft had been designed for a pre-
cision landing, splashdown occurred some 80 km away from the
targeted landing site.

ARC flew one life sciences experiment on the mission, which
was unsuccessful because of a hardware failure.

Life Sciences Objectives

The objective of the life sciences experiment was to investigate the
effects of microgravity on fertilization, cell division, differentiation,
and growth in a simple biological system.

Life Sciences Payload
Organisms

The experimental specimens were eggs of the sea urchin Arbacia
punctulata.
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Hardware

Eggs were flown in eight specimen chambers. Each chamber was
divided into three compartments, containing either sperm, ova, or
fixative. Eggs could be fertilized, or fertilized eggs could be fixed,
when the contents of the compartments were mixed by manually
rotating a handle.

A ground control experiment was carried out in eight identical
chambers, following the same procedures as in flight.

Operations

Eggs in four of the flight chambers were fertilized just before
launch. The crew members were to fertilize the eggs in the other
four chambers shortly after the spacecraft was inserted into orbit.
The fixative in the third compartment of each chamber was to be
added to the fertilized eggs at five different times during the
flight. This would enable the development of the sea urchin
embryos to be arrested at specific stages. Cabin temperature and
time were to be recorded each time a crew member manipulated
the experimental package.

Unfortunately, the handle on the hardware unit that activated
either fertilization or fixation broke before any of the in-flight oper-
ations could be carried out. Toxicity of hardware materials may also
have been a problem.

Results

The objectives of the experiment were not achieved because of the
hardware malfunction.

Additional Reading

Anderson, M., J.A. Rummel, and S. Deutsch. BIOSPEX,
Biological Space Experiments: A Compendium of Life
Sciences Experiments Carried on U.S. Spacecraft. NASA TM-
58217, June 1979.

Zeitler, E.O. and T.G. Rogers. The Gemini Program: Biomedical
Sciences Experiments Summary. NASA TM-X-58074,
September 1971.
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MISSION PROFILE: Gemini 8

Mission Duration: 11 hours
Date: March 16, 1966
Life Sciences Research Objectives

To study development in fertilized frog egg
Life Sciences Investigations  [p. 180]

Cell/Developmental Biology (GS-1)
Organisms Studied

Rana pipiens (frog) eggs
Flight Hardware [pp. 538-539]

Rana (frog) Egg Package
Publications [p. 395 ]

Gemini 8

The eighth flight in the Gemini series of missions was launched on
March 16, 1966. A stuck thruster on the spacecraft necessitated an
emergency return to Earth alittle more than 10 hours after launch.

The first orbital docking in the history of space flight was
achieved on the mission, when the Gemini 8 spacecraft docked with
a pre-launched Agena rocket.

The scientific payload on the spacecraftincluded an experiment
using frog eggs.
Life Sciences Objectives

The objective of the experiment was to study the effects of micro-
gravity on development in a gravity-oriented biological system.

Life Sciences Payload
Organisms

Fertilized eggs of the bullfrog Rana pipiens were used in the
experiment.

Hardware

There were two experiment packages mounted on the sill
structures of the spacecraft hatch. Each package contained four
two-celled chambers. One cell in each chamber had five frog eggs
in spring water, the other cell had a formalin fixative. Each exper-
iment package included a handle that could be manipulated to allow
fixative to flow into the egg compartments. Activating fixation at
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different times during the flight would allow eggs to be preserved
at various stages of development. The packages also had tempera-
ture control systems that maintained the temperature between
66°F and 74°F during the flight.

Operations

Two ground control studies were performed. One was carried out
at the same time as the flight experiment. Actual flight tempera-
tures were duplicated in the other ground control study, which was
begun two hours after launch. The delay was necessary because
flight temperatures could not be continuously telemetered to the
ground.

Ovulation was induced in several female frogs by injecting them
with frog pituitary gland extract about two days before launch.
Selected eggs were fertilized with a sperm suspension and kept at
6°C in the experiment packages until launch.

A crew member activated egg fixation in one of the chambers 40
minutes after launch, and in another 15 minutes later. Eggs in two
chambers were to be fixed 130 minutes after launch, and in two
others shortly before re-entry. These procedures could not be
completed because an emergency landing had to be made.

Results

No conclusive results were obtained because the mission had to be
terminated prematurely. Only embryos arrested at an early devel-
opmental stage were obtained; these were normal. Thus, a gravita-
tional field did not appear to be necessary for eggs to divide

normally. However, it should be noted that fertilization occurred on
the ground, and that the eggs were exposed to microgravity only
after the two-cell stage. Ground-based studies have shown that this
stage is critical to normal development.

Additional Reading

Anderson, M, J.A. Rummel, and S. Deutsch. BIOSPEX, Biolog-
ical Space Experiments: A Compendium of Life Sciences
Experiments Carried on U.S. Spacecraft. NASA TM-58217,
June 1979.

Grimwood, .M., B.C. Hacker, and R.]. Vorzimer. Project Gem-
ini Technology and Operations: A Chronology. NASA His-
torical Series, NASA SP-4002, 1969.

Hacker, B.C. On the Shoulders of Titans: A History of Project
Gemini. NASA SP-4203, 1977.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Young, R.S. Gravity and Embryonic Development. Life Sciences and
Space Research X1V, Akademie-Verlag, Berlin, 1976, pp. 69-75.

Young, R.S. and ].W. Tremor. Weightlessness and the Developing
Frog Egg. Life Sciences and Space Research VI. North Holland
Publishing Company, Amsterdam, 1968, pp. 87-93.

Zeitler, E.O. and T.G. Rogers. The Gemini Program Biomedical
Sciences Experiments Summary. NASA TM-X-58074, Septem-
ber 1971.
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MISSION PROFILE: Gemini 12

Mission Duration: 4 days
Date: November 11-15, 1966
Life Sciences Research Objectives

To study development in fertilized frog eggs
Life Sciences Investigations  [p.181]

Cell/Developmental Biology (G12-1)
Organisms Studied

Rana pipiens (frog) eggs
Flight Hardware [pp.538-539]

Rana (frog) Experiment Package
Publications [pp.395-396]

Gemini 12

The four-day Gemini 12 mission was launched on November 11,
1966. Only one biological experiment was performed onboard the
spacecraft. It was a reflight of an experiment that had flown on the
Gemini 8 mission. The results of the Gemini 8 experiment were
inconclusive because the mission had to be terminated
prematurely.

Life Sciences Objectives

The objective of the experiment was to study the effect of micro-
gravity on developmental processes.

Life Sciences Payload
Organisms
Eggs of the bullfrog Rana pipiens were used in the experiment.
Hardware

The hardware used was identical to that used in the experiment
on Gemini 8, except that there was only one unit on this mission.
The unit was mounted on the pilot’s hatch.

Operations

Control studies and preflight procedures were similar to those
performed for the Gemini 8 experiment.

Fixative was released into individual egg chambers 40 minutes
and 130 minutes after launch. Eggs in a third chamber were fixed
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shortly before re-entry. The eggs in the fourth chamber were left
alive for comparison with the fixed specimens.

The experiment equipment and specimens were removed from the
spacecraft shortly after recovery.

Results

Development was normal, indicating that a gravitational field was not
necessary for eggs to divide normally or to develop at later stages.
However, as in the Gemini 8 mission, the eggs were fertilized on the
ground and exposure to microgravity occurred only after the two-cell
stage, which is thought to be critical for normal development.

Additional Reading

Anderson, M., J.A. Rummel, and S. Deutsch. BIOSPEX, Biological
Space Experiments: A Compendium of Life Sciences Experi-
ments Carried on U.S. Spacecraft. NASA TM-58217, June 1979.

Grimwood, J.M., B.C. Hacker, and P.]J. Vorzimer. Project Gemini
Technology and Operations: A Chronology. NASA Historical
Series, NASA SP-4002, 1969.

Hacker, B.C. On the Shoulders of Titans: A History of Project
Gemini. NASA SP-4203, 1977.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Young, R.S. Gravity and Embryonic Development. Life Sciences and
Space Research X1V, Akademie-Verlag, Berlin, 1976, pp. 69-75.

Young, R.S. and ].W. Tremor. Weightlessness and the Developing
Frog Egg. Life Sciences and Space Research VI. North Holland
Publishing Company, Amsterdam, 1968, pp. 87-93.

Zeitler, E.O. and T.G. Rogers. The Gemini Program Biomedical
Sciences Experiments Summary. NASA TM-X-58074, Sep-
tember 1971.
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U.S. Biosatellite Program

The Biosatellite program was the first major effort by the U.S. to
exploit Earth-orbital missions to study basic biological processes in
space. Biological experiments had been previously flown somewhat
informally on balloons and orbiting vehicles designed for other
purposes. Since controls were usually inadequate on these flights,
it was difficult to specify causes for effects observed in biological
specimens after space flight. It was only with the advent of this
program that missions devoted exclusively to carefully controlled
biological experimentation were launched in unmanned Earth-
orbiting spacecraft.

Program Overview

When the Biosatellite program was first initiated, NASA received
more than 200 proposals for experiments to be conducted on the
spacecraft. Thirteen of these experiments were selected for the first
flight. The intention was to study the broadest range of space flight
effects on biological systems. Three missions were originally pro-
posed, with flight durations of 3, 21, and 30 days. Because the first
mission (Biosatellite I) was unsuccessful, a second three-day mis-
sion (Biosatellite IT) was flown with replicas of the experiments
onboard Biosatellite I. A 21-day rodent mission was never devel-
oped because of growing project costs. The third and final mission
in the series, Biosatellite ITI, was planned as a 30-day primate flight.

Implementing the Biosatellite program required enormous
resources for hardware and experiment development, operations,
planning and management. For instance, some 1400 individuals

(a)-

D

o

Launch .
Recovery

om-A>»-H0| om-+4—-zc

Two-stage
Thor Delta
launcher

Figure 4-4: Launch and recovery of Biosatellite missions; (a) Biosatellite
capsule.

cooperated in the complex Biosatellite IT mission: 20 scientists and
120 technicians from universities, industry, and government labo-
ratories participated directly in the mission; 770 contractor person-
nel were involved in designing, fabricating, and testing equipment
and supporting flight operations; 180 foreign nationals helped to
track the biosatellite; more than 200 Navy and Air Force personnel
were needed to safely recover the satellite; and about 200 NASA
personnel were engaged in various mission activities.
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Joseph Saunders first became involved
with the Biosatellite program while serving as
head of the Medicine and Dentistry Branch at
the Office of Naval Research. During his ten-
ure with NASA from 1964 to 1973, Saunders
served successively as Chief of Environmental
Biology, Biosatellite Program Scientist, and
Chief of Biology Programs in the Office of
Manned Space Flight. From 1973 to 1983, he
was the Deputy Associate Director for Interna-
tional Affairs at the National Cancer Institute,
National Institutes of Health. Since then, he
served the American Physiological Society as
Manager of the Membership and Scientific
Programs Department. He was also the Exec-
utive Director Emeritus of the American Asso-
ciation of Immunologists (AAI) and active in
the AAI from 1986 to 1992.

When Saunders transferred to NASA in
1964, the experiments for the Biosatellite pro-
gram had already been selected. Saunders
credited Orr Reynolds, then Director of Bio-
sciences Programs, with putting the program
together. “Orrwas a brilliant individual. People
were amazed at his ability to act so well in a dual
capacity as a scientist and a manager.”

At one time, three missions had been
planned in the Biosatellite program: a 3-day

Joseph Saunders

mission, a 21-day mission, and a 30-day pri-
mate mission. The 21-day mission that was to
have succeeded Biosatellite II was canceled in
favor of bringing forward the primate flight.
Because of the imminent Apollo manned mis-
sions, there was considerable interest in col-
lecting information on animal subsystems.
Saunders agreed with the general consensus
about the Biosatellite III mission. “The pri-
mate was over-invaded,” he said. “A testicular
biopsy was done just hours before the flight,
and who even knew if the animal would heal
properly? In addition there was a catheter
implanted in the animal’s bladder, and other
cardiovascular implants.” He believed in the
importance of educating people about the re-
search that was done, so that they would be
able to approach problems without repeating
the mistakes of the past.

According to Saunders, one of the biggest
problems in the Biosatellite program was the
lack of communication between the biologists
and engineers in developing the flight hard-
ware. He cited the example of the frog egg
experiment, which was carried out in four egg
modules. “The first module was beautiful, it
worked real well. In the second module, the
frog eggs died, but not all of them. In the third

module, 75 percent were dead. When we
opened the fourth module, we didn’t know
what had happened. The eggs were all dead.”
The enigma was finally solved, as Saunders
explained: “The modules had been machined
out of lucite. You had to clean these things
once you got them engineered. Well, we spec-
ified 20 washes. But the water simply wasn’t
changed each time a module was run through.
So every module went through the same water.
The first module was fine just because there
were no pollutants, no residual plastic in the
water.”

When it comes to future space flight re-
search, Saunders stressed the importance of
plant experiments. “Based on my experience
with Biosatellite II, my feeling is that a lot of
the significant science information came from
those plant experiments. To survive in space
for long periods, you are going to need palat-
able and nutritious foods. We can’t compress
everything into pills at this time, and even if we
could, who would want to live on that for a long
time?” He was optimistic about NASA’s plans
for a space station. “I may not be around to see
it. Our grandchildren may not be around to see
it. ButI think that ultimately space is going to
be our future.”
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The Spacecraft

The Biosatellite spacecraft was designed
to accommodate the primary require-
ment for an automated laboratory suit-
(®)--- able for biological experimentation in a

weightless environment (Fig. 4-5). To ful-
©-- @

fill this requirement, the experiments had
(@ --- @

to be protected from the external envi-
ronment and be maintained in a con-
trolled internal environment. A
battery-powered model with bottled air
was developed for the initial three-day
flight. The 30-day flight model featured a
fuel cell and carbon dioxide removal.

The 8-ft long spacecraft was 4.5 ft in
diameter at its widest point. The re-entry
vehicle, which separated and returned to
Earth at the end of the flight, contained
approximately the spacecraft’s half
weight and bulk. The smooth external
e --- surface permitted maintenance of mod-
erate internal temperatures, with a mini-
mum of electrical heating. Gyroscopes

Figure 4-5: The Biosatellite spacecraft
components:
(a) re-entry shield for thermal protection; (b) capsule assembly for holding
the biological materials; (c) parachute assembly for slowing spacecraft
descent; (d) thrust cone assembly for slowing and maintaining orientation of
the re-entry vehicle during re-entry; (e) adapter assembly for attitude and
position _control.

were used to sense angular rates of the spacecraft and compressed
nitrogen gas was used to reduce rotation rate to less than 1 revolu-
tion in 20 minutes. The biological specimens were thus exposed to
acceptably small acceleration forces.

The re-entry vehicle consisted of the experiment capsule, the
heat shield, and the thrust cone or retro-rocket assembly. The
aluminum experiment capsule contained the experiments and all
equipment necessary to provide the desired environment for the
experiments. A timer set during flight initiated the separation and
recovery systems from the ground. The spacecraft oriented itself
for retrofire relative to the local horizon and the local geomagnetic
field. After separating by explosively released springs, the
re-entry vehicle was spun about its major axis to maintain orienta-
tion and slowed by firing the retro-rocket. Shallow-angle re-entry
occurred about 4000 miles further down range. After ejection of
the parachute cover, the re-entry heat shield fell away. During
descent, hooks from a C-130 retrieval aircraft could be attached to
the specially reinforced parachute. At separation, a radio-homing
beacon was energized and a dye marker activated in the event that
the capsule landed in the ocean.

Additional Reading

Thimann, K.V. Symposium on the Biosatellite IT Experiments;
Preliminary Results. Bioscience, vol. 18, no. 6, June 1968,
p. 538.
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Saunders, ].F. Biologic Observations from the Space Flight Mis-
sions of the United States. Presented at the open meeting of
Working Group 5 of the 15th Plenary Meeting of COSPAR,
“New Medical, Physiologic and General Biologic Results of

Space Flight,” Madrid, Spain, COSPAR Paper L.2.4., May 22,
1972.

Saunders, J.F., ed. The Experiments of Biosatellite 1l. NASA
SP-204, 1971.
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Biosatellite | and Il

N

Capsicum annuum,

pepper plant /

MISSION PROFILE: Biosatellites | and Il

Biosatellite —not recovered

Biosatellite IT — 2 days

Dates: Biosatellite I — December 14, 1966
Biosatellite I/II— September 7-9, 1967

Mission Duration:

Life Sciences Research Objectives

To examine the influence of microgravity on the growth,
form, development, morphology, and biochemistry of a
selected group of organisms

To determine the sensitivity of organisms to ionizing radia-
tion in microgravity

Assess readiness of spacecraft subsystems for longer duration

flights
Life Sciences Investigations  [pp.182-195]

Cell/Developmental Biology (BIO2-1, 5.1, 5.2,6, 7, 8)
Plant Biology (BI02-9, 10, 11, 12)
Radiation/Environmental Health (BIO2-2, 3, 4, 13)

Organisms Studied

Capsicum annuum (pepper) plants
Habrobracon juglandis (parasitic wasp)
Neurospora crassa (fungus) spores
Pelomyxa carolinensis (amoeba)

.

()

Rana pipiens (frog) eggs

Drosophila melanogaster (fruit fly) larvae and adults
Tradescantia (flowering plants)

Tribolium confusum (flour beetle) pupae

Triticum vulgare (wheat) seedlings

Salmonella typhimurium (bacteria)

Escherichia coli (bacteria)

Flight Hardware

Capsicum Experiment Package [pp.468-469]
Drosophila Experiment Package [pp.486-487]
Habrobracon Experiment Package [pp.494-495]
Lysogenic Bacteria Experiment Package [pp.496-497]
Neurospora Experiment Package [pp. 498-499]
Pelomyxa Experiment Package [pp. 502-503]
Radiation Source and Holder [pp.536-537]
Rana Experiment Package [pp. 538-539]
Tradescantia Experiment Package [pp.556-557]
Tribolium Experiment Package [pp.558-559]
Triticum Experiment Package [pp.560-561]

Publications [pp.396-402]
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The first mission in the Biosatellite
series, Biosatellite I, waslaunched in
December 1966. Re-entry into the
Earth’s atmosphere
achieved because the retro-rocket

was not
on the spacecraft failed to ignite.
The biosatellite was never recov-
ered. Although the scientific objec-
tives of the mission were not
accomplished, the Biosatellite I ex-
perience provided technical confi-
dence in the program because of
excellent performance in most other
areas.

Improvements were made in
hardware, prelaunch tests, and pro-
cedures before Biosatellite II was
launched on September 7, 1967
from Cape Kennedy. The scientific
payload, consisting of 13 select biol-
ogy and radiation experiments, was
exposed to microgravity during 45
hours of Earth-orbital flight. Exper-
imental biology packages on the
spacecraft contained a variety of
specimens, including insects, frog
eggs, microorganisms, and plants.

/

AN

Figure 4-6: Cross section of spacecraft showing location of life
sciences experiments in Biosatellite Il: (a) radiation source;

(b) radiation source holder; (c) heat shield; (d) experiment package;
(e) backscatter field; (f) nuclear emulsion package; and

(9) experiment package.

The planned three-day mission was
recalled early because of the threat of
a tropical storm in the recovery area,
and because of a communication prob-
lem between the spacecraft and the
tracking systems.

Life Sciences Research
Objectives

The primary objective of the Biosatel-
lite IT mission was to determine if or-
ganisms were more, or less, sensitive
to ionizing radiation in microgravity
than on Earth. To study this question,
an artificial source of radiation was
supplied to a group of experiments
mounted in the forward part of the
spacecraft (Fig. 4-6).

The shielded aft section of the
spacecraft contained unirradiated
controls and experiments. Experi-
ments conducted onboard encom-
passed a wide range of disciplines and
used several different species. A study
on the effects of space flight on genet-
ics was carried out using fruit flies as
subjects. The combined effects of
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Drosophila melanogaster,

fruit fly
microgravity and radiation were studied in fruit flies, wasps, fungi,
and plants. Amoebae were used to investigate the nutrition and
growth of cells in the weightless state. The developmental process
was examined in frogs and beetles. Other experiments studied the
effects of microgravity on plant growth and development, and on
bacterial growth and phage induction.

The secondary objective of the mission was to assess the perfor-
mance of spacecraft subsystems essential to the next planned mis-

Rana pipienseggs, American leopard frog

sion, which was to be a 22-day orbital flight of a
primate.

Life Sciences Payload

Organisms

Tribolium  confusum,
flour beetle

The general effects of space flight were

studied in four different organisms: wheat seedlings grown in flight
were examined for spatial orientation, morphogenesis, histochem-
istry, and biochemical changes; young plants of the Yolo Wonder
bell pepper (Capsicum annuum) were studied for leaf orientation;
development was studied in the eggs of the common American
leopard frog (Rana pipiens); and giant multinucleate amoebae
(Pelomyxa carolinensis, Pennsylvania strain) were flown for inves-
tigations on feeding, growth, and cellular structure.

Interactions between radiation and flight conditions were stud-
ied in adult parasitic wasps (Habrobracon juglandis), flour beetle
(Tribolium confusum) pupae, larvae and adults of the fruit fly
(Drosophila melanogaster), lysogenic strains of bacteria (Salmonel-
la typhimurium and Escherichia coli), asexual spores of a fungus
(Neurospora crassa) and bud-bearing plants (Tradescantia).

Controls of several kinds were used to support the flight exper-
iment. For the experiments on wheat seedlings and pepper plants,
ground controls were conducted in the ordinary erect position and
also rotated on horizontal clinostats. Standard ground controls were
used in the other experiments. For the experiments involving
radiation, unirradiated controls were flown in the aft section of the

48

Life into Space



spacecraft and both irradiated and unirradiated controls were
maintained on the ground.

Ground controls were carried out at two different tempera-
tures for most experiments. One set of controls was run at a
constant temperature equal to or close to that set for flight. The
other set of controls was run at temperatures that followed those
recorded onboard the satellite and telemetered to Earth. This
precaution, taken because an absolutely constant temperature
could not be maintained onboard, proved to be valuable in inter-
preting data from several of the experiments.

Hardware

The forward payload included experiments exposed to an on-
board radiation source. The aft payload included experiment pack-
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Figure 4-7: Biosatellite Il  participants.

ages identical to those in the forward payload, but which were
shielded from the radiation source. Six additional experiments for
studying the effects of microgravity alone were also included in the
aft payload. A tungsten radiation source holder exposed the radia-
tion source to the forward payload during specified segments of the
mission. An equipment rack located between the forward and aft
payloads contained power supplies and equipment required for
experiment support and recovery operations. The interior of the
capsule was maintained at the equivalent of a sea-level atmosphere
on Earth, within limits specified by investigators. Total pressure
and partial pressure of oxygen remained constant at 14.5 psia and
146 mm mercury respectively. Relative humidity and temperature
were controlled according to specified limits.

The container for the Drosophila larvae consisted of several
modules. Each module base was filled with melted culture medium
before flight and aretaining sieve inserted. The larvae and live yeast
were added to the module, the cover attached and the module
inserted into the housing. Brackets were then placed over the eight
modules in each housing. The container also had thermistors and
lithium fluoride (LiF) radiation detectors.

Four identical packages were used for the Tradescantia exper-
iment, two for flight and two for ground control studies. Each
package held 32 plants with roots sealed in a tube containing a
nutrient solution. Because the flower buds were arranged in a single
row, they were uniformly exposed to gamma radiation. Small holes
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in the cover of the package allowed air to enter, and a thermistor
installed through the wall of the package registered temperature.
Several passive dosimeters of LiF powder were placed in the root
and bud zones of each package.

Neurospora packages were designed so that each of the samples
within would receive a different total radiation exposure. Four packag-
es were subjected to onboard radiation at different dosages. A fifth
flight package was placed in the shielded aft section of the spacecraft.
Five identical packages were used in ground control experiments. The
package design allowed many Neurospora spores to be contained
with minimal risk of contamination and anoxia. Each spore sample was

[JEmbryo  BFixative [ Fixed embryo

launch 0 12 3 32 40
plus hours

68 Récove
S ry

Figure 4-8: The frog embryology experiment on Biosatellite Il had an
automatic mechanism that fixed embryos at specific times during the flight
so that embryos of varying ages could be studied postflight.

placed on a moist Millipore filter. Filters were held in place on disks
with polypropylene screens. Three independent dosimeters below
each filter detected backscattered radiation. A module consisted of 10
disks stacked together with barriers between adjacent disks. Assem-
bled modules were screwed into a housing unit to complete the

package.

A plastic module with three compartments housed each group
of Tribolium pupae. Each compartment contained an aluminum
insert holding two felt layers sandwiched between tissue papers.
One or two pupae were positioned in each of several holes punched
in the pieces of felt. Four LiF dosimeters were inserted between
two tissue papers with a layer of pupae on either side.

Five packages held the Habrobracon flown on the biosatellite.
Four of these were exposed to varying degrees of radiation. One
was placed in the shielded portion of the spacecraft. Each package
contained four modules. Habrobracon were placed in depressions
in each module. After a screen was placed over the depression, the
module was capped and assembled into the flight package. Three
glass rod dosimeters were included in each module. Additional
dosimeters consisted of LiF powder in tubes placed in front of and
behind the modules. Local temperature was recorded by a ther-
mistor located centrally between the modules.

Two identical sets of four special packages were constructed to
contain the lysogenic bacteria, one for the flight experiment and
one for the ground-control experiment. One of the packages in
each set contained 48 non-irradiated culture chambers. The other
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3 packages each contained 16 growth chambers and were exposed
to varying degrees of radiation.

Flight hardware for the frog embryology experiment was a
package of eight pairs of modules. The design of the packages was
that of the frog egg experiment packages on Gemini 8 and 12. Three
similar hardware packages were used in ground-control experi-
ments. A group of 10 fertilized eggs was placed in each of the first
8 modules. Groups of five were placed in each of the remaining
modules. Each module was divided into two chambers: a 10 ml egg
chamber and a fixative chamber. The O-ring-fitted piston separat-
ing the two chambers was spring-loaded and actuated in pairs of
modules, by program or by command. Actuation effected forceful
mixing of egg medium and fixative at different times during flight
for seven of the module pairs (Fig. 4-8). This process enabled the
investigators to obtain eggs fixed at varying times after fertilization.
Live embryos were obtained from the last pair of modules. A
coolant line around the hardware package maintained the experi-
ment at 42.5°F on the launch pad. Four thermistors in the package
registered temperature. A fifth thermistor switched off the strip
heaters that raised package temperature to 70°F immediately after
launch.

One flight and three control units contained amoebae and
paramecia (Fig. 4-9). Each unit had 24 tripartite chambers. A piston
with an O-ring separated the three segments of each chamber,
which contained, respectively, amoebae, paramecia, and a fixative.
Initial actuation of the piston resulted in mixing of amoebae and
paramecia. Further actuation mixed the amoebae and paramecia

B. Paramecia C. Fixative

A. Amoeba

Figure 4-9: Biosatellite Il amoebae were fed with paramecia when the
contents of compartments A and B were mixed. Fed amoebae were fixed
when the contents of compartment C were added.

with the fixative. Four of the chambers had thermistors for measur-
ing in-flight temperatures. High-density foam pads placed between
chambers reduced the vibrations during powered flight and re-
entry.

The flight hardware unit for the wheat seedling experiments
held 78 wheat seeds. It had one large chamber and three small ones.
In the large chamber, 12 seeds were inserted into each of 3
polycarbonate stalks containing wetted vermiculite. The remaining
seeds were contained in the three smaller chambers. Two of these
chambers were equipped to spray-fix the seedlings during orbit.
The seeds germinated in darkness. Thermistor records of chamber
temperatures were reported periodically to the ground stations.
Four additional hardware units were used in ground control exper-
iments.

For the pepper plant experiment, one plant was placed in each
of four plant holders within the flight unit (Fig. 4-10). A three-
mirror optical system and a camera allowed the top and sides of the
plants to be photographed at 10-minute intervals during orbit. A
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10in.

clock was inserted between the top central mirrors so that each
frame of the film showed the position of leaves with respect to time.
Four incandescentlamps illuminated the plants for 5 seconds every
10 minutes, and facilitated photography. The unit was covered

Figure 4-10: In the Biosatellite Il pepper plant experiment, a camera
recorded the positions of plant leaves with respect to time.
A diagrammatic representation of the view seen through the camera (left).

A side view showing experiment setup (right); A. mirror, B. clock, C. camera,
D. plants.
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with a white sleeve during flight to maximize light use and prevent
light from leaking into the biosatellite capsule. Air exchange was
permitted through a series of small holes in the sleeve. Five more
plants placed inside the unit later provided samples for carbohy-
drate, amino acid, and nitrogen analysis. Three additional hardware
units were used for ground control experiments.

Operations

The operations carried out to fulfill the needs of individual exper-
iments were complex. The description below outlines the general
operations performed to ensure successful launch and recovery of
the biosatellite capsule.

Although the spacecraft was designed to be flown using exist-
ing space flight services, additional operational procedures were
developed because it was imperative to safely recover the biological
materials onboard. The compatibility of the spacecraft system with
the existing Space Tracking and Data Acquisition Network
(STADAN) was successfully demonstrated. Support was enlisted
from various STADAN stations in North and South America and
South Africa for the operational phase of the mission (Fig. 4-11).
Several facilities at Goddard Space Flight Center and Cape
Kennedy were modified to meet mission requirements. Training
exercises were held in the Hawaiian Islands recovery area for both
an air recovery and a backup water recovery. In addition, Air Force
Rescue and Retrieval Service Forces in the Azores, Bermuda,
Guam, and Japan were prepared to retrieve the capsule in the event
of an emergency call-down. At Cape Kennedy, compatibility be-

Figure 4.-11: STADAN stations involved in controlling the launch, injection
into orbit, deorbit, and recovery of the Biosatellite Il. The lines indicate the
path traveled by the spacecraft.

tween the spacecraft and the Delta launch vehicle had to be
ensured.

The normal Delta prelaunch sequence was shortened signifi-
cantly in order to preserve the integrity of the experiments on
Biosatellite IT (Fig. 4-12). Prelaunch activities had to be reduced or
eliminated on Biosatellite IT because biological materials could not
be kept on the launch pad for longer than eight hours. The
preparation of each experiment, the spacecraft experiment
assembly, and the spacecraft launch vehicle assembly all required
special detailed procedures. These procedures were strictly time-
correlated with other activities such as the assembly of control
experiments.
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Only a few seconds after the launch phase of the mission began,
it became evident that the spacecraft was having difficulty accept-
ing Earth commands. The system operated effectively in spite of
this problem. At the end of the first complete orbit, all programmed
functions were satisfactorily confirmed: the radiation source holder
had opened 1 hour after launch; the pepper plants were being
photographed every 10 minutes; the frog egg assembly had been
appropriately heated; the amoebae had been fed with paramecia or
fixed; and a frog egg module had been injected with fixative.

Because of the impending threat of a tropical storm in the
recovery area, it was decided to terminate the mission after 30
orbits instead of the planned 46. All the remaining experiment
actuation commands were rescheduled and accomplished during
the last five orbits. De-orbit telemetry recordings were made with
the assistance of the Woomera Tracking Station in Australia.

The flight phase of the mission was successfully concluded with
the de-orbit of the recovery capsule, deployment of the parachute
system, and air recovery by the U.S. Air Force on the first attempt.
The subsystems in the spacecraft’s adapter, which remained in
orbit, were evaluated until the battery life was expended after 62
orbits.

The 280-pound recovery capsule was returned to the temporary
biological laboratories at Hickam Air Force Base in Hawaii for
disassembly. Immediate inspection of the biological materials
showed them to be in excellent condition.
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Figure 4-12: Moaodification of the prelaunch sequence to
accommodate a biological payload.
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Results

The Biosatellite IT mission showed that it was feasible to operate an
unmanned biology laboratory in the space environment. With very
few exceptions, environment conditions imposed by experimenters
were satisfied. Changes were noted in about 30 of the more than 100
biological parameters studied in the flight specimens. Radiation
and flight conditions were found to interact, and, when nuclei were
dividing, enhancement or synergism was found to occur in a num-
ber of different organisms. However, the relative roles of micro-
gravity and vibration (alone or combined) as causes of this
interaction were not determined.
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MISSION PROFILE: Biosatellite III

Mission Duration: 9 days

Date: June 28 — July 7, 1969

Life Sciences Research Objectives

To study space flight effects on brain states, behavior, fluid
and electrolyte balance, metabolism, and the
cardiovascular system

Life Sciences Investigations  [pp.196-202]

Cardiovascular/Cardiopulmonary (BIO3-1)
Musculoskeletal (BIO3-2)

Neuroscience (BI03-3.2)

Regulatory Physiology (BIO3-3.1, 3.3, 3.4, 4)

Organisms Studied

Macaca nemestrina (pigtailed macaque)
Flight Hardware [pp. 518-519, 508-517, 520-521]

Primate Physiological Sensors
Primate Life Support System
Primate Psychomotor Test System

Publications  [pp. 402-404]

Biosatellite 111

The last mission in the U.S. biosatellite program was Biosatellite
III, launched on June 28, 1969. The intent had been to fly a pigtailed
monkey in Earth-orbit for 30 days. However, after only 8.8 days in
orbit, the mission was terminated because of the monkey’s deteri-
orating health.

High development costs were a strong incentive for maximizing
the scientific return from the mission. Because of this, the scientific
goals had become exceedingly ambitious over time, and a great
many measurements were conducted on the single research subject
flown. Although the mission was highly successful from a technical
standpoint, the science results were compromised, probably be-
cause too many bioinstruments were implanted in the monkey.
Despite the failure of the mission’s scientific agenda, Biosatellite
IIT was enormously influential in shaping the life sciences flight
experiment program, pointing to the need for centralized manage-
ment, more realistic goals, and substantial preflight experiment
verification testing.

Life Sciences Research Objectives

The mission objective was to investigate the effect of space flight on
brain states, behavioral performance, cardiovascular status, fluid and
electrolyte balance, and metabolic state. Radiation studies were also
conducted.
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Life Sciences Payload
Organisms

A single 6 kg male pigtailed monkey (Macaca nemestrina) named
Bonnie served as the experimental subject on the mission
(Fig. 4-13).

The animal was instrumented with sensors for 33 channels of
physiological data. Implanted sensors included bipolar electroen-
cephalographic electrodes, electrooculographic sensors, elec-
tromyographic leads, cardiovascular function and respiration
sensors, and temperature sensors in the brain and peritoneal cavity.
Catheters were chronically implanted in the saphenous vein and
both femoral arteries to measure blood pressure, and in the bladder
to collect urine. Four identically instrumented monkeys served as
ground experiment controls.

Hardware

Equipment used for the flight experiment included bipolar
electroencephalograph electrodes, electromyogram electrodes,
electrooculogram electrodes, heart function and respiration sen-
sors, four intravascular catheters to measure blood pressure, tem-
perature sensors for the brain and peritoneal cavity, a urinary
catheter, and transducers.

A psychomotor test system was used to obtain data on in-flight
performance of visuomotor and delayed matching tasks. The animal
was held in a hammock-style restraint system with a feces collector
and attachments for the urine catheter and cardiovascular pressure

monitoring and perfusion systems. Casein-based diet pellets from
an electrically powered dispenser were provided during the flight.
Twenty pellets were offered gratis every day. Another 40 pellets
could be obtained each day as rewards for successful task comple-
tion. A suction-activated drinking system provided water. A seven-
channel analog tape recorder was used to collect data.

An in-flight urine analyzer monitored the urinary excretion
rates of calcium, creatine, and creatinine. Urine was passively
transported into a container with a flexible diaphragm. A pump
emptied the contents of the collector into a urine actuator once
every hour. The actuator in turn delivered 10 ml volumes of urine
to the analyzer. The analyzer consisted of a hermetically sealed case
containing a urine sample accumulator, a calcium analyzer, a creat-
ine-creatinine analyzer, reagent storage bags, logic sequencers, a
data handling system, and a power converter.

Transducers within the spacecraft provided data on capsule
total pressure, partial pressures of oxygen and carbon dioxide, air
temperatures, pellets and water consumption, urine production,
task performance, day and night light status, and changes in capsule
attitude.

Operations

Surgeries were performed on the flight and control animals to
implant the sensors described earlier. Other preflight surgical
procedures included tail amputation, incisor tooth extraction, tes-
ticular biopsy, and anal suturing.
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Although bioengineering tests of hardware with animal subjects
were performed, no formal analyses of these test results are avail-
able in the literature. There is also no indication that a complete
integrated flight duration test was ever successfully conducted.

While in orbit, the animal was exposed to a day and night cycle
consisting of 12 hours of incandescent light and 12 hours of dim red
light. The animal was presented with the opportunity to conduct
psychomotor tasks at specific times during the light period. Suc-
cessful task completion was rewarded with alimited number of food
pellets. Additional food pellets were offered “free” during a speci-
fied period. Other periodic activities controlled automatically by
the spacecraft clock included presentation of drinking water, time-
lapse photography, and infusion of heparin, an anticoagulant, into
the vascular catheters (Fig. 4-14). Accumulated urine was automat-
ically analyzed for calcium, creatine and creatinine concentrations
every six hours, and the results were telemetered to the ground.

The food and water dispensers and all monitoring systems
operated well during the flight. However, the psychomotor test
system provided no useful data because of the primate’s inconsis-
tent performance. The primate began to deteriorate between the
fourth and eighth day of flight, ceasing to eat or drink, and becom-
ing hypothermic and hypotensive. The environmental control sys-
tem maintained ambient temperature at the minimum setting of
20.7°C throughout the flight. This may have contributed to the
hypothermia noted in the flight animal.

When it became evident that the primate’s condition was
continuing to decline, the biosatellite was recalled. Immediately
after the biosatellite was recovered, attempts were made to revive
the primate but there was no response to remedial measures.
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Figure 4-13: Location of the monkey on the Biosatellite Ill spacecraft. (a)
The recovery capsule housed the monkey and life support and
measurement systems. (b) The adapter section, containing a urine
storage tank and urine analyzer, separated from the recovery capsule
before it reentered Earth’s atmosphere.
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Figure 4-14: Daily in-flight activities on Biosatellite .
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Harold Klein, a specialist in microbial
physiology, served as Assistant Director for
Life Sciences at ARC from 1964 to 1968, and
Director of Life Sciences from 1968 to 1984.
He is now Scientist-in-Residence at Santa
Clara University, California, and a research
scientist at the Search for Extraterrestrial In-
telligence (SETI) Institute in Mountain View,
California.

During the 1970s and 1980s, life sciences
research at ARC was concentrated in three
major areas. Aeronautical research focused on
the behavioral aspects of aviation and on man-
machine integration. Space biology and med-
icine research covered studies ranging from
smaller organisms to human physiology. Exo-
biology research focused on investigating the
prospects for life in the universe. “All three
areas were constant themes throughout this
whole period,” Klein says.

Although animal experiments were con-
ducted on the ground by the life sciences
group at ARC to study the effects of hyper-
gravity and radiation, space flight experiments
were not conducted until the early 1970s.
Until then, the group was mainly concerned
with basic research rather than space flight
experiment development. Because of this, the

Harold Klein

life sciences research agenda was not affected
by the failure of the Biosatellite III mission,
despite the fact that a good deal of adverse
public attention was directed at ARC after the
mission. “You have to understand the organiza-
tion at Ames during the period when the biosat-
ellites were flown,” Klein explains. “There was
a separate organization for biosatellite mis-
sions, basically dealing with engineering and
management areas. They managed all the flight
experiments from ARC, whether they were life
sciences experiments or astrophysics experi-
ments. So the life sciences group had no direct
responsibility for the Biosatellite program.”
Klein and his colleagues were interested in the
Biosatellite program, but somewhat pessimis-
tic with regard to the Biosatellite III outcome
since “there was only a single animal, very
heavily instrumented..., and likely to be
stressed to a degree that would make it difficult
to dissociate any weightlessness or space-relat-
ed effects.”

Klein was involved with the joint U.S./
Soviet activities on the Cosmos project from
the very beginning of cooperation in the early
1970s. He recalls that the first time the two
sides interacted in the area of space biology was
in 1971, when the newly formed Joint Working

Group for Space Biology and Medicine met for
the first time. “Most of the discussion at the
time centered around biomedical and life sup-
portissues. But I had some informal conversa-
tions with Gazenko (see p. 148) and Genin
about what they were investigating with lower
organisms. I think the seeds for what was to
become the Cosmos interaction were sowed at
that time. If we had not gotten along so well
then, there would have been nothing.” By
1974, the plans for cooperation had solidified
into an invitation to the U.S. from the Soviet
Union to participate in the Cosmos program.
“At first, we didn’t know there would be a
continuing series of Cosmos flights on which
we could participate. We were just invited onto
one flight. The Soviets probably wanted to see
how things would go from their side. Since the
first time worked out well and the results were
interesting, they invited us onto the next flight
two years later.” Klein describes the first U.S.
experiments on Cosmos as being very simple.
“They were not anything like the later experi-
ments. There were no announcements of op-
portunity, no big peer reviews. We just did
them because the spacecraft was available,
specimens were going to be available, and we
saw a chance to get some work done.”
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Nello Pace served as the Director of the
Environmental Physiology Laboratory in Ber-
keley from the 1960s to the mid-1980s. He is
now an Emeritus Professor of Physiology at the
University of California, Berkeley. He is the
cofounder of the International Union of Phys-
iological Sciences Commission on Gravitation-
al Physiology and of the Galileo Foundation,
dedicated to the support of gravitational phys-
iology research.

As Director of the Environmental Physiol-
ogy Laboratory in Berkeley, Pace received sev-
eral NASA grants to conduct primate
physiology research projects. One was a study
of primate calcium balance during space flight
conducted on the Biosatellite III mission.

Pace’s team had originally intended to de-
sign a unit that would collect urine samples at
intervals during the mission. They had planned
to analyze the samples after the biosatellite was
recovered. Then they heard about a miniatur-
ized soil analyzer being developed by the
NASA Jet Propulsion Laboratory (JPL) for the
Viking Mars missions. They approached JPL
about the possibility of conducting a joint ven-
ture. JPL was very interested because this
would allow a flight test of the analyzer before

Nello Pace

the Mars missions. The JPL device was con-
verted into a urine analyzer that allowed col-
lected urine to be automatically analyzed while
the spacecraft was still in orbit, rather than
postflight. The resulting data could be down-
linked to the ground, and summary data could
be stored in the spacecraft’s recovery capsule.
Pace describes the urine analyzer as a remark-
able piece of work. It worked flawlessly during
the mission. There were many such engineer-
ing successes on the mission, but these were
eclipsed by the furor over the death of the
monkey subject.

According to Pace, the Biosatellite III ex-
perience strongly influenced the primate re-
search program at NASA. Pace had proposed
the Automated Primate Research Lab (APRL)
in 1968, one year before the Biosatellite III
flight. The objective of the project was to fly
two adult pigtailed monkeys in Earth-orbit for
60 days. APRL was an offshoot of the Primate
Hemodynamics and Metabolism on an Orbit-
ing Satellite (PHAMOS) program, begun in
1958, which was one of the very first projects
to come out of NASA. APRL never progressed
to a flight stage because there was heavy oppo-
sition to flying primates in the aftermath of
Biosatellite III. But several other programs

and concepts grew out of it. Researchers
became interested in ways of shrinking the
“envelope” around the animal to protect it
during space flight. Pace’s team developed a
“monkey pod,” an enclosure that could safely
house a restrained pigtailed monkey. The
monkey pod was one of the primate experi-
ments on NASA’s SMD 111, a Spacelab flight
simulation test. It was proposed that the mon-
key pod be flown in the Shuttle middeck in
the mid-1980s. This project was never com-
pleted, although several of its elements were
incorporated into later primate flight pro-
grams.

French and Russian teams visited Pace’s
laboratory in the early 1970s to study the
monkey pod system. Their willingness to fly
primates in space increased as a consequence
of these visits. It had long been known that
many experiment results could only be ex-
trapolated to humans if primates were flown.
But until that time, both the French and the
Soviets had not thought it possible to main-
tain a primate in comfortable restraint for
long time periods.
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Results

The flight subject died about eight hours after the capsule was recov-
ered. The acute cause of death was ventricular fibrillation. At the time
of death, body weight was 4.4 kg. Weight loss may have been due to the
marginally palatable food pellets that had to be used to accommodate
experimental requirements. Marked dehydration was evident. The
cause of death is still controversial. At the time it was speculated that the
changes noted in the animal were an effect of microgravity alone.
However, subsequent Soviet and U.S. flights of monkeys, lasting from
5to 14 days, have cast serious doubts on such a hypothesis. It is likely
that over-instrumentation and chronic restraint resulted in the animal’s
demise. This possibility is supported by the deaths, shortly after the
termination of the flight phase of the mission, of two of the similarly-
instrumented ground-based controls.
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Orbiting Frog Otolith Program

The Orbiting Frog Otolith (OFO) Program was a part of the
research program of NASA’s Office of Advanced Research and
Technology (OART). One of the goals of the OART was to study
vestibular organ function in space and on the Earth.

Man’s ability to orient himself with respect to his environment
and his ability to coordinate his bodily movements has evolved in the
constant presence of gravity. Because of this, it was difficult to
predict how astronauts would respond to extended stays in micro-
gravity.

The OFO experiment was designed to allow researchers to
collect neurophysiological data on the response of the otolith to
prolonged periods of weightlessness. The otolith is a part of the
inner ear that is associated with equilibrium control: acceleration
with respect to gravity as its primary sensory input.

After the successful OFO-A mission in 1970, interest in the
research continued. A project called Vestibular Function Research
was initiated in 1975 to fly a vestibular experiment in an Earth-
orbiting spacecraft. This flight project was eventually discontinued,
but a number of ground studies were conducted. The research has
given rise to several very useful offshoots, including the ground-
based Vestibular Research Facility located at ARC.

The OFO Spacecraft

The OFO experiment was originally designed for flight within the
Apollo Applications Program, which was established to make opti-
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Figure 4-15: Launch of the Orbiting Frog Otolith (OFO) capsule (see also Fig. 4-
16).

mum use of hardware used in Apollo lunar missions. However,
because the low acceleration levels needed for the experiment could
not easily be maintained in a manned Apollo spacecraft, an un-
manned satellite was later chosen as a more suitable vehicle. The
satellite’s design eliminated exposures to acceleration levels above
10-3g. This meant that the experimental specimens could experience
an almost weightless state.
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The spacecraft had a diameter of approximately 30 in. and a
length of 47 in. The octagonal lower section of the spacecraft
housed the electronic apparatus. The upper section, which con-
tained the experiment package, was shaped like a truncated cone. A
heat shield covering this upper section protected the experiment
during re-entry into the Earth’s atmosphere. A “yo-yo” despin
assembly was located around the girth of the spacecraft. Four
booms, folded against the side of the spacecraft, were located
radially around the satellite. After the spacecraft separated from the
launch vehicle, the yo-yo despin subsystem slowed spacecraft rota-
tion. The four booms were then released to extend from the side of
the spacecraft. The extension of the booms increased the moment

Booms up (launch) Booms down (orbit)

Figure 4-16: Orbiting Frog Otolith (OFO) with booms. Booms out
increased the moment of inertia.

of inertia of the spacecraft, permitting the acceleration level to
remain below 10-3g (Fig. 4-16).

The spacecraft was launched by a Scout 1B rocket. The Scout
1B was a four-stage solid propellant rocket system, which was
about 73 ft long and weighed about 40,000 pounds at lift-off. Also
onboard was the Radiation Meteroid spacecraft to demonstrate and
evaluate improved instrumentation and to gather near-Earth data
of scientific interest.

Additional Reading

Gualtierotti, T. Vestibular Receptors in Space: Final Report. Con-
tract NAS2-9871, 1979.

NASA. Orbiting Frog Otolith/ OFO-Project Press Kit. NASA News
Release 70-132, 1970.

Space General Company. Orbiting Frog Otolith Satellite (OFO)
Mission Performance Report. NASA CR-62083, December
1970.
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MISSION PROFILE: OFO-A
Mission Duration: 6 days
Date: November 9-15, 1970 (not recovered)

Life Sciences Research Objectives

To study the effect of microgravity on the vestibular organ

Life Sciences Investigations  [pp. 209-211]

Neuroscience (OFO-1.1, 1.2, 1.3)
Organisms Studied

Rana catesbeiana (bullfrog)
Flight Hardware  [pp. 490-493]
Frog Otolith Experiment Package (FOEP)
FOEP Life Support System (LSS)
Publications [pp. 406-407]

Orbiting Frog Otolith-A

The OFO-A mission was launched on November 9, 1970. The
satellite carrying the OFO-A experiment remained in orbit for
almost seven days. Recovery of the spacecraft was not planned. The
payload was the Frog Otolith Experiment Package (FOEP).

Life Sciences Research Objectives

The objective of the experiment was to investigate the effect of
microgravity on the otolith, a sensory organ that responds to chang-
es in an animal’s orientation within the Earth’s gravitational field.

Life Sciences Payload
Organisms

Two bullfrogs (Rana catesbeiana) were used as experimental
subjects in the flight experiment. The bullfrog was chosen for study
because its labyrinth is very similar to that of humans. Since it is an
amphibian, preflight surgery could be performed above water, but
itcould be keptin water during the flight. The water medium served
to cushion the vibration and acceleration of launch, and to facilitate
gas exchange with the organisms.

Both flight frogs had electrocardiogram (ECG) electrodes im-
planted in their thoracic cavities and microelectrodes implanted in
their vestibular nerves. The frogs were demotorized to prevent
them from dislodging their implanted electrodes, and to reduce
their metabolic rates. With this lowered metabolic activity, the
frogs could survive in good health without being fed for as long as
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one month. Immersion in water allowed the frogs to breathe
through their skin. The water medium also helped to move carbon
dioxide and heat away from the animals.

Hardware

The flight hardware unit, the FOEP, was a pressure-tight
canister containing a water-filled centrifuge that housed the two
frogs. The centrifuge was a cylindrical structure that rotated the
frogs” heads at scheduled intervals. The FOEP also contained a life
support system which could maintain a regulated environment for
the frogs. This system consisted of two closed loops, one containing
liquid and the other containing gas. The interface between the two
loops was a selectively permeable silicone rubber membrane that
acted as an artificial lung. Oxygen passed through the membrane
from the gas to the liquid side, and carbon dioxide from the liquid
to the gas side. The frogs were immersed in the liquid loop. A pump
circulated oxygen through the gas-containing loop. Carbon dioxide
entering the gas loop was removed by an absorbant and the purified
oxygen returned to the pump for recirculation. A water evaporator
and an electric heater maintained the water temperature at about
60°F. An amplifier system in the FOEP increased voltage output
from the microelectrodes implanted in the animals to the level
required by the telemetry apparatus.

Operations

Surgical preparation of the flight frogs was completed about 12
hours before launch, and the animals were sealed inside the FOEP.
A backup FOEP was also prepared with similar specimens. The

flight FOEP was installed in the satellite about three hours before
launch.

The centrifuge was activated as soon as possible once the satellite
was in orbit and stabilized at 10-3 g. The centrifuge applied gravity
stimuliin cycles. Each cycle lasted about 8 minutes, and consisted of the
following: a 1-minute period without acceleration, an 8-second period
when rotation slowly began, 14 seconds of constant 0.6 g,
an 8-second period when rotation slowly stopped, and a 6-minute
period when aftereffects of rotation could be measured. Cycles were
performed every 30 minutes during the initial 3 hours in orbit,
and less frequently during the rest of the flight.

The OFO experiment continued until the seventh day in orbit,
at which time the onboard battery failed. Recovery of the OFO
spacecraft and FOEP hardware were not required.

Results

The experiment was successful. ECG indices showed the flight
frogs to be in good health during the entire flight. Vestibular
recordings were made as expected. Two equipment malfunctions
occurred during the flight: pressure in the canister increased to
11 psi, and the temperature decreased to 55°F for nine hours.
However, control experiments performed on the ground showed
that these malfunctions had little effect on the outcome of the flight
experiment.
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Several vestibular response changes were noted during the
early period in weightlessness. All of the observed changes reverted
to normal during the last 10 to 20 hours of the flight, suggest
adaptation.

Additional Reading

Anonymous. OFO-A Conclusive Report. Istituto di Fisilogia Umana
I1, Milan, Italy, unpublished report, May 1977.

Gualtierotti, T. The Orbiting Frog Otolith Experiment. AGARD
CP-61-70, September 1970.

Gualtierotti, T. and F. Bracchi. OFO Experimental Techniques and
Preliminary Conclusions: Is Artificial Gravity Needed During
Prolonged Weightlessness? Life Sciences and Space Research
X, Proceedings of the 14th Plenary Meeting of COSPAR, Seat-
tle, Wa., June 21-July 2, 1971, Akademie-Verlag, Berlin, 1972,
pp. 121-132.

Gualtierotti, T., F. Bracchi, and E. Rocca. Orbiting Frog Otolith
Experiment (OFO-A): Data Reduction and Control Experimen-
tation, Final Report. NASA CR-62084, January 1972.

NASA. Orbiting Frog Otolith/ OFO-Project Press Kit. NASA News
Release No. 70-132, 1970.

Space General Company. Orbiting Frog Otolith (OFO) Satellite
Mission Performance Report. NASA CR-62083, December
1970.
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The Apollo Program

NASA proposed the Apollo spacecraft for
Earth orbital and circumlunar flights in 1960.
Capable of accommodating a crew of three, the
craft was to be launched by a Saturn 1 type
rocket with a thrust of 6,672 kilonewtons. In
1961, President Kennedy announced the goal
of landing a man on the moon by the end of the
decade. Saturn 5, with a thrust of 33,360 kilo-
newtons, was developed shortly afterward. By
1962, it was decided that a moon landing could
be accomplished by a rendezvous in lunar orbit.

1

A spacecraft (lunar module) would be sent to
the lunar surface and returned to a mother ship
(command module) orbiting the moon. The
first moon landing took place in 1969. Five

T

Saturn V

A Command module [] Service module %% Lunar module

more lunar landing missions were completed in

the Apollo program from 1969 to 1972.
Program Overview

The Mercury capsule had been built for the first U.S. manned space
flight program. It could house a single astronaut in orbital flight. A
modified Mercury design, with a base diameter of 3.9 meters, was
chosen for the Apollo Command Module (Fig. 4-18). It was the
control center and the crew habitat, and the module that returned
to Earth after mission completion. The Command Module was

Figure 4-17: Launch and recovery of Apollo 17.

provided with a radiation shield, and a heat shield to protect it
against frictional heat produced when moving through the atmo-
sphere. A Service Module contained most of the mission’s consum-
ables. A Lunar Module conveyed astronauts from lunar orbit to the
moon’s surface. It was designed as a two-stage vehicle because it
had toland on and take off from the moon. The descent stage served
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as the launch pad for the ascent stage. Since visibility was important,
the pilots had to be close to the two rather small triangular windows.
There were two hatches. The front hatch was used for access to and
from the surface of the moon. The top hatch was used for docking
with the Command Module.

ANASA field center was required for the coordinated development
of the Apollo program. To satisfy this requirement, the Manned Space-
craft Center (now Johnson Space Center) in Houston, Texas, was
established along with a mission control center. This was the site where
spacecraft design, testing and checkout, and astronaut crew training
could be carried out. Required facilities included avacuum chamber for
testing the spacecraft and crew in a simulated space environment, a
centrifuge where the three-man Apollo crew could experience the
accelerations of a rocket launch, and other space flight simulators.

Several new technologies, including the rapid development of
computer and communication technology, were important in making
the Apollo program possible. A worldwide tracking network was neces-
sary to maintain continuous voice contact with the astronauts and
telemetry contact with the spacecraft subsystems. During stays on the
lunar surface, contact with the astronauts was maintained by means of
three antennae spaced equidistantly around the Earth, in Goldstone,
California, in Madrid, Spain, and in Canberra, Australia.

Scientific interest in the Apollo program came relatively late,
and was generally concentrated in the areas of geology, physics and
astronomy; biological research was not a high priority. Only one life
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Figure 4-18: The Apollo Command and Service Modules: (a) the Command
Module housed the crew and experiment equipment; (b) the Service
Module, containing the thrust engine and consumables, was jettisoned
before the Command Module re-entered Earth's atmonsphere.
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science experiment was conducted by ARC within the Apollo
program (the Apollo 17 mission).

Ad(ditional Reading

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.
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MISSION PROFILE: APOLLO 17
Mission Duration: 13 days
Date: December 17-30, 1972

Life Sciences Research Objectives

To determine if high-energy cosmic ray particles produce
injury to brain, eye, and other tissues

Life Sciences Investigations  [pp. 203-208]
Radiation/Environmental Health (A17-1.1, 1.2, 2, 3, 4, 5)
Organisms Studied

Perognathus longimembris (pocket mouse)
Flight Hardware [pp. 462-465]

BIOCORE: Life Support Hardware
BIOCORE: Pocket Mouse Radiation Dosimeters
(implanted)

Publications  [pp. 404-406]

A

Apollo 17

The sixth and last of the Apollo series of manned lunar landings was
accomplished on the highly successful Apollo 17 mission. Launched on
December 17, 1972 from KSC in Florida, it was recovered on Decem-
ber 30, after a total mission duration of almost 13 days.

Scientific objectives of the mission included geological survey-
ing and sampling of lunar materials and surface features, deploying
and activating lunar surface experiments, and conducting in-flight
experiments and photographic tasks. To achieve these objectives,
12 lunar surface experiments, 5 lunar orbital experiments, photo-
graphic and support tasks, and other investigations were carried
out.

Seven biomedical experiments were conducted on the Apollo
17 mission. The BIOSTACK experiment (a stack of biological
objects and radiation detectors) was designed to study radiation
effects on plant and animal systems in a dormant state. An experi-
ment was also conducted to investigate the visual light flash phe-
nomenon in the three-man crew. These two experiments were not
conducted under the auspices of ARC, and will not be discussed
here. The five remaining experiments performed on the mission
related to the Biological Cosmic Radiation Experiment
(BIOCORE) package are described below.

Life Sciences Research Objectives

The Van Allen radiation belts are two bands of geomagnetically
trapped particles encircling the Earth (Fig. 1-1). Because of their
distance from the Earth, exposure to these radiation zones is
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currently hazardous to astronauts only on the highest Earth-orbital
flights or on flights to the moon. However, since exposure to cosmic
particle radiation presents a potential risk to humans as they under-
take longer missions farther away from the Earth, the phenome-
enon needs to be studied. The BIOCORE package was designed to
gain a better understanding of cosmic particle radiation hazards.
The objective was to determine if microscopically visible lesions
attributable to high-energy (HZE) cosmic ray particle radiation
could be found in the tissues of animals flown on the spacecratft.

Life Sciences Payload
Organisms

The pocket mouse (Perognathus longimembris) was chosen for
the flight experiment for several reasons. This rodent from the arid
regions of the southwestern U.S. and northern Mexico does not
require drinking water and subsists on seeds and plant material. It
is a facultative homeotherm with the ability to drop its metabolic
rate dramatically while at rest or in response to environmental
stresses such as ambient temperature variations, lack of food, and
confinement. Wastes are produced in a concentrated form, and
food can be provided freely because the mouse is a natural hoarder.
The availability of background information on the animal, and its
small size, were also important reasons for its selection.

Five mice were used in the flight study. A control study was
conducted on the ground with five other mice. To correlate any
observed tissue damage in the heads of the flight mice with the
passage of HZE cosmic ray particles, it was necessary to record the

trajectories of particles passing through the heads of the mice
during flight. For this purpose, plastic dosimeters were implanted
beneath the scalps of the mice.

Hardware

Four layers of plastic were sealed together to form the dosime-
ters. A paralene coating made the units impermeable to the tissue
fixatives used after postflight autopsy of the animals. Each dosime-
ter was mounted on a silicone rubber platform, the underside of
which was contoured to the skull. The apparatus covered the entire
brain from the olfactory bulbs anteriorly to the cerebellum posteri-
orly. The assembly was implanted beneath the scalp, where scalp
tension fixed its position with respect to the skull. No adverse
effects were observed in the mice due to the presence of the
subscalp assembly, even after several months of implantation).

Perognathus longimembris, pocket mouse
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Richard Simmonds is a veterinarian who is
internationally recognized as a laboratory ani-
mal medicine specialist, and as an advocate for
the proper use and care of animals in research.
He has a long history of participation in space
life sciences projects, including Apollo,
Spacelab, and Cosmos. Currently he is Assis-
tant Dean for Research at the University of
Nevada in Reno.

Simmonds’ first contact with the Apollo
Program was in 1970, just after the Apollo 12
mission was completed. At that time, he took
part in the Lunar Quarantine Program, which,
he says, “reassured the public that the Earth

Richard Simmonds

wouldn’t be contaminated with moon bugs or
organic toxins.”

Simmonds played a prominent role in co-
ordinating the BIOCORE on the Apollo 17
mission. BIOCORE was initially proposed for
Apollo 16, but problems relating to biocontain-
ment and animal safety made this unfeasible.
The version of the experiment flown on Apollo
17 was vastly improved. In Simmonds’ view, it
received less credit than it deserved. The
implanted dosimeters and laser-guided brain
coordinate system were very sophisticated.
Results were interesting; high-energy particles
appeared to have damaged the retinas of the

mice. “The evidence was equivocal,” says Sim-
monds, “because you had to believe the pre-
dicted trajectory of the particles, and that the
lesions seen followed that trajectory.” He
adds, “We may have euthanized the mice too
early. I don’t know if there would have been
brain lesions too, if we had waited longer.”
Astronauts have reported seeing light flashes
while in space, and it is accepted that these are
a result of high-energy particles traversing
their heads. Itis not known if this phenome-
non is related to the lesions seen in the mice
on Apollo 17.

Flight and control mice were housed in hermetically sealed
cylindrical aluminum canisters. The flight canister remained on the
Command Module during the entire mission (Fig. 4-19). In compli-
ance with the constraints imposed by the Apollo spacecraft, the
package was a closed, self-sustaining system that required no in-
flight handling, data recording, or electrical power. The canister
contained seven perforated cylindrical tubes. Six of the tubes were
arranged around the inside wall of the canister. The seventh tube
was centrally located and contained potassium superoxide granules

for converting the carbon dioxide generated by the mice into
oxygen. A mouse and its food supply were contained in each of five
other tubes. The sixth tube was flown empty because the oxygen
generating capability of the environmental control system had been
shown to be marginal for six mice. Two maximum-minimum tem-
perature recorders were placed within the canister. A radiation
detector external to the package was used to measure the radiation
in the vicinity of the canister.
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The cylindrical shape and the small bore of the tubes in the
canister were designed to minimize tumbling in the microgravity
environment, and to enable the mice to move and feed without
difficulty. Food consisted of a special seed mixture placed in each
tube. No water supply system was required since the mice produce
water metabolically from their food.

Operations

The experiment package was flushed with oxygen before launch.
The initial supply of oxygen was necessary until the potassium
superoxide reaction with carbon dioxide and water vapor was suffi-
cient to generate oxygen at a rate that could satisfy the metabolic
requirements of the mice.

The BIOCORE package remained stowed in its designated
location throughout the mission. No crew activities were required in
relation to the experiment.

Figure 4-20: Five pocket mice orbited the moon on the Apollo 17 mission.

Results

One mouse was found dead upon
recovery of the spacecraft. Of the
four that survived the flight, two
were quite active. Two were less
active, seeming to drag their

bodies around as though expe- / \
riencing a gravitational force '¥/‘
greater than 1 g. After eutha-
nasia, autopsies were per-
formed on all of the flight and

control mice. The heads of the

Fig. 4-19: Location of the mouse
canister on the Apollo spacecraft: (a)
mouse canister; and (b) crew hatch.

mice were then fixed and radi-
ation damage assessed.

The general condition of the flight
animals appeared to be related to the
level of hemorrhagic materials in the
middle ear cavities. Massive hemorrhage
was found in the animal that was dead at
recovery. No hemorrhage was seen in
the animal that was in the best condition
after the flight. Ground control animals
also showed similar hemorrhaging. Sim-
ilar effects had been noticed during pre-
flight tests, and were probably due to
pressure excursions in the potassium su-
peroxide canisters.
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Lesions in the scalps of the flight mice provided only circum-
stantial evidence of vulnerability to radiation from cosmic ray
particles. Other effects were noted in the olfactory epithelium and
in the middle ear cavities, but their causes were unknown.

Although no brain lesions were observed, this does not negate
the possibility that HZE cosmic ray particles are injurious to brain
tissue. Spacecraft shielding may have been so effective that high
energy cosmic ray particles did not reach the mice. Less shielded
exposures to cosmic ray particles would be needed to prove the
presence or absence of effects on brain and other tissues. The tissue
fixative used was later found to be less than optimal; this may also
be a reason for the lack of demonstrable brain lesions.

Additional Reading

Harding, R. Survival in Space. Routledge, London and New York,
1989.

Johnston, R.S., L.F. Dietlein, and C.A. Berry, eds. Biomedical
Results of Apollo. NASA SP-368, 1975.

NASA Johnson Space Center. Apollo 17 Mission 5-Day Report.
NASA TM-X-69527, December 1972.

NASA Johnson Space Center. Apollo 17 Mission Report.
JSC-07904, March 1973.

NASA Johnson Space Center. Apollo 17 Preliminary Science Re-
port. NASA SP-330, 1973.
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Skylab Program

The first serious attempt at formulating a concept for a space
station was put forward by Hermann Oberth in 1923. The scientific
community gradually became interested in such a station, realizing
that it would enable them to study the physical and psychological
effects of space flight on man. NASA began considering plans for
a manned space station in the 1950s, but the Skylab Program only
came into being in the mid-1960s. In the early days, it was called
the Apollo Applications Program. Costs were to be kept to a
minimum by reusing existing Apollo hardware to build and operate
the space station.

The Skylab space station was launched on May 14, 1973 on the
unmanned Skylab 1 mission. About one minute after launch, some
serious technical problems arose. Aerodynamic stress tore loose
the thin aluminum structure that acted as the station’s meteorite
shield and sunshade, together with one of the two electricity-
producing solar arrays. The other solar array failed to deploy
properly as aresult. Absence of a sunshade meant that temperatures
were high inside the space station, and there were concerns that
toxic materials would be released, and that food and film onboard
would be spoiled. On May 25, 1973, a three-man crew was launched
on the Skylab 2 mission to attempt to repair the damage to the
station. The crew put up a parasol-like structure to replace the lost
sunshade. The temperature inside the station then dropped enough
for the crew to enter. The one remaining solar array was eventually
made operational, making electricity available.

--
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Figure 4-21: Launch and recovery of the Skylab crew module; (a) Crew
module.

The Skylab Program demonstrated several important points
about space flight. First, it showed that man could live and
operate effectively in space for long periods of time. The near-
disaster that occurred soon after the Skylab 1 launch was evidence
that repairing equipment in space was feasible. The program also
indicated that free-flying unmanned laboratories were needed for
conducting experiments which required an environment that was
undisturbed by astronaut and maneuvering activities. NASA’s in-
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terest in having unmanned platforms on the International Space
Station stem directly from the Skylab experience.

The Skylab Space Station

The Skylab space station was really a modified S-IVB stage of a
Saturn V moon rocket, whose hydrogen tank had been converted
into accommodations for a three-man crew. Weighing about 100
tons, Skylab had a habitable volume of approximately 283 m?. Its
two stories were separated by a metal grid floor into which the
astronauts’ cleated shoes could be locked for stability. The upper
floor had storage lockers and a large area for conducting experi-
ments. The lower floor was the living quarters; it had three bed-
rooms, adining table, a work area, a shower, and a bathroom. Food,
water, and clothing for the nine astronauts who were to eventually
occupy the space station were stored in lockers. The air supply was
an oxygen-nitrogen mixture at a pressure of 5 psi. The temperature
of the interior was designed to be maintained at about 70°F.

The solar arrays on the station could each provide about 10,500
watts of power at 55°C, while the station was in the sunlit portion
ofits orbit. Some of this power was stored in batteries for use when
the station was shielded from the sun by the Earth’s shadow.

The Skylab was put into orbit by the giant Saturn V launcher.
Modified Apollo command and service modules launched by small-
er Saturn IB rockets ferried crew members to and from the space
station. A docking adaptor on the Skylab allowed the Apollo space-
craft to dock with the station and transfer its cargo of crew mem-
bers.

The Skylab 2 mission lasted for 28 days. The next two missions,
Skylab 3 and Skylab 4 lasted 59 and 84 days, respectively. All three
manned Skylab missions occurred within a period of nine months.
The space station was deactivated between missions. The Skylab
remained in orbit for more than five years after the last crew left the
station. The plan had been to use a Space Shuttle mission to attach
a rocket stage to the Skylab for boosting it to a safe altitude.
However, the Shuttle was still in development, and it became
evident that this solution would not be feasible. In early 1979, the
Skylab was reactivated and adjustments were made to minimize
atmospheric drag and control its altitude. Some parts of the station,
such as the heavy lead film vaults were not expected to burn up
during re-entry. To avoid risks to highly populated areas, flight
controllers steered the station towards the Indian Ocean. It finally
crashed to Earth in Western Australia on July 11, 1979.

Alarge number of life sciences experiments were conducted on
the three manned Skylab missions. Two of these were developed by
ARC. Both were flown on the Skylab 3 mission.

Additional Reading

Gatland, K. The Illustrated Encyclopedia of Space Technology.
Orion Books, 1989.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Newkirk, R.W., I.D. Ertel, and C.G. Brooks. Skylab: A Chrono-
logy. NASA SP-4011, 1977.
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Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.

Turnill, R., ed. Jane’s Spaceflight Directory. Jane’s Publishing Inc.,
London, 1986.

Wilson, A., ed. Interavia Space Directory 1991-1992. Jane’s Infor-
mation Group, Alexandria, Va., 1991.
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MISSION PROFILE: Skylab 3
Mission Duration: 59 days
Date: July 28-September 25, 1973

Life Sciences Research Objectives
To study circadian periodicities during space flight
Life Sciences Investigations  [pp.212-213]
Regulatory Physiology (CPE-1, 2)
Organisms Studied

Perognathus longimembris (pocket mouse)
Drosophila melanogaster (fruit fly) pupae

Flight Hardware [pp.478-481]

Circadian Periodicity Experiment Package
Pocket Mouse Housing Unit

Vinegar Gnat Enclosures

Circadian Data System

Publications [p. 407]

Skylab 3

The Skylab 3 mission began on July 28, 1973 when a three-man
crew arrived at the Skylab station in a modified Apollo spacecraft.
During their 59-day stay onboard the space station, the crew
members conducted several experiments, including two life sci-
ences investigations developed by ARC.

Life Sciences Objectives

The objective of the first experiment was to study the stability of
the circadian rhythm of a mammalian system during space flight.
The other experiment was designed to study the phenomenon of
temperature compensation in an insect’s circadian rhythm. Be-
cause the objectives of the two experiments were similar, they were
packaged together as an integrated unit, which remained attached
to Skylab for the duration of the mission. The unit was installed in
the Apollo command service module.

Life Sciences Payload
Organisms

The first experiment used the pocket mouse (Perognathus
longimembris) as the experiment subject. This species was chosen
for study for several reasons. First, it is easy to maintain in caged
conditions. Since it is a natural hoarder, food can be provided
freely. It produces water metabolically from its food, and so does
not require a supply of drinking water. As a result, feces are
produced in small, concentrated amounts. Second, it is well suited
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for studies of circadian periodicities because it shows remarkable
precision in the timing of daily periods of lowered body tempera-
ture, or torpor. Third, its small size allows a larger number of
subjects to be used in the experiment. Six mice were used in the
flight experiment. All were implanted with biotelemeters for mon-
itoring body temperature and activity.

The other experiment used 180 pupae of fruit fly (Drosophila
melanogaster). They were divided into four groups. Flashes of light
were to be delivered to the pupae to stimulate emergence of adult
flies at different times during the flight. The objective was to
determine whether the daily rhythm was disturbed in microgravity.

Hardware

Pocket mice were kept in individual circular cages that
were placed in a common enclosure. Each cage was lined with
porous polyethylene and contained 50 grams of dried seeds. A small
fiberglass tube at the center of each cage contained the receiving
antennas for the implanted biotelemetry unit. A thermistor moni-
tored the ambient temperature in each cage. An environmental
control system maintained cage air pressure at about 700 mm of
mercury and the relative humidity at about 20 percent.

The data system consisted of a data processor, memory, and
power supply. It collected data on biological, environmental, and
engineering parameters for both experiments. One accumulated
activity count and one body temperature reading was recorded
every 10 minutes from each pocket mouse for the duration of the

experiment. Ambient temperature recordings were made every
10 minutes. Engineering parameters were recorded every 40
minutes.

Fruit flies were housed in four sealed enclosures. Each enclo-
sure contained a pupa plate that could be warmed to induce
hatching, a temperature control system, a programmable stimulus
lamp, and a photodetector for counting hatchings. A relative
humidity of about 62 percent was maintained at the surface of the
pupa plates. The data system was designed to collect data on lamp
status, population count and temperature of the housing enclo-
sure and pupa plates.

Operations

Collection of preflight baseline data from the flight and control
mice began about 40 days before the mission. The flight mice were
placed in flight hardware in dark conditions six days before
launch. The hardware was loaded into the command service
module two days later.

The mouse holding unit operated perfectly for the first 30
hours after launch. The fruit fly experiment was initiated, tem-
peratures in the pupa plates were raised to 20°C, and the stimulus
lights came on at the appointed time. Unfortunately, about 30
hours after launch a power failure occurred and resulted in the
loss of both experiments. The ground controls were operated for
about a month after the loss of the flight experiment. The control
data was expected to be useful in the event that the function of the
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flight hardware could be restored, or, in the case that the flight
experiment was re-flown, on a later mission.

The data from the flight mice and the ground control data
obtained during the 30 hours prior to the hardware malfunction
were analyzed.

Results
Mice
The investigators concluded that meaningful results could have

been obtained if the animal holding unit had continued to function
because the telemeters were able to provide reliable data.

Fruit flies

No useful scientific data were obtained because of the power
failure.

Additional Reading

Compton, D.W. and C.D. Benson. Living and Working in Space:
A History of Skylab. NASA SP-4208, 1983.

Lindberg, R.G. and P. Hayden. Research on the Properties of
Circadian Systems Amenable to Study in Space. NASA
CR-137523, June 1974.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Newkirk, R.W., .D. Ertel, and C.G. Brooks. Skylab: A Chrono-
logy. NASA SP-4011, 1977,

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.
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The Space Transportation System

After the Skylab missions were terminated, the U.S. space pro-
gram became centered on establishing a permanently manned
orbiting space station. A reusable launch vehicle was to be used to
ferry crew and equipment between Earth and the station. Because
of the cost involved in building a space station, the project’s aims
were modified in time, and the Space Transportation System
(STS) program came into being.

Program Overview

The STS is a launch system that can be used to place a variety of
payloads into low earth orbit. When it was conceived in 1969, it
was intended to be fully recoverable. Because of the high develop-
ment cost, the concept was abandoned in favor of the present
system. In the current scheme, the orbiting spacecraft is attached
at launch to two solid fuel rocket boosters and an external liquid
fuel tank. Shortly after launch the solid fuel rocket boosters detach
from the orbiter and parachute to the sea. The empty casings are
recovered and later reused. The external liquid fuel tank is also
jettisoned after launch, and burns up during re-entry. Despite the
compromise, the STS provides a unique service as a reliable,
reusable heavy-lift booster, capable of carrying a payload of almost
23 metric tons into orbit.

The main component of the STS is the Space Shuttle. Other
components include the Spacelab and various accessories that are
used during flight, as well as ground facilities where the Shuttle is
assembled, launched, and recovered.

- -4c)

|- (d)

Space Transportation
System

Figure 4-22: STS launch and recovery: (a) External tank; (b) solid rocket booster;
(c) payload bay; and (d) orbiter.

The Space Shuttle

The Space Shuttle is made up of three major parts: a reusable
orbiter, a pair of solid-propellant boosters, and a liquid propellant
tank. The orbiter, appropriately, is the portion of the Shuttle that
travelsin Earth orbit. However, the distinction between the Shuttle

82

Life into Space




1982 1983 1984 1985 1986 ‘ 1987 ‘ 1988 1989 1990
STS-3 STS-8 STS-10 STS-51B STS-29 STS-32
Mung
Bean Rats Rats Rats Rats Fungus
Seedlings
Oat Squirrel ¥ ~
Seedlings Monkeys SUSe SIS
Pine u Corn
Seedlings S-Sl Seedlings Rats
Mung
Bean
Seedlings
Oat
Seedlings
Pine
Seedlings

Table 4-3: Organisms studied on ARC Space Shuttle missions.

and the orbiter is not always made clear, and the two terms are often
used interchangeably. The four orbiters currently in operation are
Atlantis, Columbia, Discovery, and Endeavor, and are named after
pioneer sailing ships. Each orbiter was engineered to be capable of
completing more than 100 missions, each lasting about 10 days.
Columbia is being modified into an Extended Duration Orbiter
which will be able to accommodate missions of up to 16 days.
Endeavor, the newest of the orbiters, replaces the orbiter
Challenger, which was lost in a tragic explosion in 1986.

The Space Shuttle is designed to carry out three main tasks.
First, it functions as an orbiting space laboratory. The Spacelab,
described below, complements and extends this capability. Second,
it can be used to carry commercial and government-sponsored
payloads that can be placed into a low Earth orbit or a transfer orbit

as satellites. Third, it provides maintenance service in repairing and
resupplying satellites and returning them to Earth.

The payload for a particular Shuttle mission consists of items
destined for similar orbits, and is subject to the availability of space,
weight, and other factors, such as power. Payloads frequently
include experiment packages for conducting life sciences research
in microgravity. Such research is constrained by the necessary
emphasis on crew safety. The need for rigorous ground testing and
safety verification has associated costs and lengthy flight prepara-
tion periods. However, the research opportunities presented by
Shuttle missions dwarf these disadvantages. The value of conduct-
ing research on the Shuttle lies mainly in the fact that it is a manned
vehicle. Crew members can carry out manual procedures in orbit,
make real-time decisions and intuitive judgments, and gather data
that often cannot be easily obtained on unmanned biosatellite
missions.

Experiments can be accommodated in either the middeck or
the payload bay (Fig. 4-23). The middeck is located below the flight
deck of the orbiter, adjacent to the payload bay. Forty-two modular
lockers are situated in this area, primarily for storage of crew food,
clothing, and payload support equipment. Unused space within the
lockers can be appropriated for small, low-power experiments that
can be simply operated or observed by the crew. The experiment
packages are required to be self-sufficient in terms of data acquisi-
tion and instrumentation capabilities. There are several advantages
to conducting experiments on the middeck, despite the limited
resources available. These experiment packages require less time

Programs and Missions

83



Figure 4-23: Life sciences experiment sites on the STS: (a) middeck; (b)
lockers where experiments are stored in middeck; (c) Spacelab; and
(d) racks for experiments in Spacelab.

and cost for development than experiments on Spacelab, and
consequently can be flown more frequently. Crew operations are
feasible as in the Spacelab. Since the complex loading and retrieval
procedures used for Spacelab experiments are not required here,
experiment packages can be loaded shortly before launch, and
recovered soon after landing. Several units of hardware, including
an advanced animal habitat, a refrigerator/ incubator module, and
a space acceleration measurement system are expected to be flown
on the middeck in future flights.

Small economical payloads can be carried in the orbiter’s cargo
bay to maximize the use of space. A small payload known as the
Hitchhiker is sometimes included in the cargo bay. Equipment
included in a Hitchhiker should require only modest resource and
space allocations and should not need special positioning or access
to orbiter computers. Simple, self-contained experiments can also
be held in the payload bay in Get Away Special carriers. All
electrical power, heating, cooling, and data acquisition systems for
these investigations must be provided by the experimenters.

Experiments on the Shuttle can be controlled through the
orbiter, the Spacelab, or the ground. The orbiter communication
system accomplishes information transfer to the ground during
flight via the Spaceflight Tracking and Data Network, or via the
Tracking and Data Relay Satellite System. Onboard control of data
and subsystems is achieved by means of a data management sub-
system, which is capable of recording data or transmitting it directly
to the ground (Fig. 4-24). Computer terminals and about 750
watts of power are available in the aft flight deck of the orbiter. The
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Figure 4-24: Experiment equipment on the Spacelab is controlled by a data danagement subsystem. Data is transmitted to the ground via the Tracking and Data
Relay Satellite System.
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crew maintains voice contact with scientists and mission personnel
on the ground via an intercom system. A closed circuit television
system is also available.

Through December 1990, nine Shuttle missions have flown life
sciences experiments sponsored by ARC. Only one of the nine
missions, STS-51B in 1985, used the Spacelab facility for life scienc-
es experiments. The other eight missions carried middeck payloads:
STS-3 in 1982; STS-8 in 1983; STS-10 in 1984; STS-51F in 1985;
STS-29, STS-34, and STS-41 in 1989; and STS-32 in 1990. The
payloads on STS-8, STS-10, and STS-29 were a part of the Shuttle
Student Involvement Project.

Spacelab

Spacelab, as its name implies, is a reusable space-based laboratory.
It is designed to be taken to orbit and returned to Earth in the large
cargo bay of the orbiter. Besides simply increasing the habitable
volume of the orbiter, it provides astronauts with the myriad re-
search tools commonly found in a standard ground laboratory. A
modular construction permits it to be modified to optimally accom-
modate different experiments on separate missions. Three basic
configurations are offered by the Shuttle/Spacelab design: module
only, module and pallets, or pallets only. Each pallet or equipment
platform has electrical power, data lines and cooling capability.
When a Spacelab module is not flown in the pallets only mode,
computers and data handling equipment are housed in an “igloo,”
a cylinder mounted on the first pallet which provides a pressurized
and thermally controlled environment for the equipment.

Either a long or a short module may be used on a particular
mission, together with one or more pallets. A long module mea-
sures 7 meters in length, and a short module 4.3 meters in length.
The modules are pressurized to 1 atm so that the crew can work
within in an environment similar to that of Earth. Experiments are
housed in racks within the laboratory module, and are supplied
with electrical power, thermal control, and data lines. Each rack-
can hold 290 kg of equipment. Large hardware items that do not fit
in a rack are installed in the center aisle of the Spacelab. A
laboratory work bench is also provided. The crew can control or
monitor the equipment and the subsystems of the Spacelab via a
computer keyboard and a visual display system.

At this time, Spacelab has three primary functions. It serves as
a research laboratory, an observation platform, and as a develop-
ment testing ground for future space ventures. In the future, it may
also act as a limited production facility in space.

Additional Reading

Cowles, J.R., et al. Growth and Lignification in Seedlings Exposed
to Eight Days of Microgravity. Annals of Botany, vol. 54,
Supl. 3, 1984, pp. 33-48.

Joels, K.M. and G.P. Kennedy. The Space Shuttle Operators Man-
ual. Ballantine Books, 1982.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cam-
bridge University Press, 1990.
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Lord, D.R. Spacelab—An International Success Story. NASA
SP-487, 1987.

NASA. Science in Orbit: The Shuttle and Spacelab Experience
1981-1986. NASA NP-119, 1988.

NASA. STS Investigator's Guide. NASA Marshall Spaceflight Cen-
ter, unpublished report.
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MISSION PROFILE: STS-3/ OSS-1
Mission Duration: 8 days
Date: March 22-30, 1982

Life Sciences Research Objectives

To study the influence of microgravity on lignification in
plant seedlings

Life Sciences Investigations  [pp. 217-219]
Plant Biology (OSS-11.1, 1.2, 1.3)
Organisms Studied

Pinus elliotti (pine) seedlings
Avena sativa (oat) seedlings
Vigna radiata (mung bean) seedlings

Flight Hardware  [pp. 506-507]

Plant Growth Unit (PGU)
Publications [pp. 407-408]

STS-3/Office of Space Sciences (0SS-1)

The third Space Shuttle mission, STS-3, was launched on March 22,
1982 and completed on March 30, 1982. On this eight-day flight,
the Space Shuttle Columbia carried two crew members and a
payload designated OSS-1.

The STS-3 mission was the third in a series of four Shuttle
missions that constituted the Orbital Flight Test program. The
NASA Office of Space Science, now known as the Office of Space
Science and Applications, developed the OSS-1 payload. The pri-
mary objective of the Orbital Flight Test program was to assess the
performance of the orbiter and its flight systems. Because of this,
the objectives of the experiments in the OSS-1 payload were
secondary to, and constrained by, the flight test operations.

Nine experiments were included in the payload. Besides obser-
vations of the orbiter’s environment, studies were conducted in
space life sciences, astronomy, and space plasma physics. Specific
objectives of the OSS-1 payload were to observe aspects of the
orbiter’s environment with relevance to plasma physics and astro-
nomical payloads; to conduct scientific observations that demon-
strate the Space Shuttle’s research capabilities; and to evaluate
technology that may be applied to future experiments in space.

The experiments selected used many of the unique capabilities
of the Shuttle, such as the ability to carry large instruments into
orbit, to operate them in space under crew supervision, and to
return them to Earth. In many respects, OSS-1 was instrumental in
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preparing the way for more sophisticated payloads on later Shuttle
missions.

The life sciences experiment was carried on the Shuttle middeck.
All other experiments were mounted on a Spacelab pallet in the
orbiter’s cargo bay.

Life Sciences Research Objectives

The OSS-1 plant growth experiment was designed to determine if
lignification is a response to gravitational forces, or a genetically
determined process with little environmental influence. Lignin is a
structural polymer that enables plants to maintain a vertical stature
despite the pull of gravity. Although lignin is necessary for plant
growth in Earth gravity, it consumes a significant amount of a plant’s
metabolic output, and has no food value. Specific objectives of the
experiment were: to test the function of the Plant Growth Unit
(PGU) in supporting plant growth in space; to determine the effect
of microgravity on lignin synthesis; and to observe the overall devel-
opment of young seedlings exposed to the conditions of space flight.

Life Sciences Payload
Organisms

Plants used in the experiment were mung bean (Vigna radiata),
oat (Avenasativa), and pine (Pinuselliotti) seedlings. A gymnosperm
(pine) was used as the principal plant species because of its capacity
to synthesize large amounts of lignin; all gymnosperms are believed
to be affected by gravity. Young seedlings were used because of space
limitations and the relatively short flight duration. These seedlings

were germinated a few days before flight, so that significant growth
could occur during flight. Mung bean and oat seedlings were
selected as representatives of dicotyledons and monocotyledons
respectively, and were germinated only hours before launch. Six-
teen seedlings of each species were flown, in six plant growth
chambers.

Hardware

Since this was one of the first Shuttle experiments to use plants
as experimental subjects, a PGU was built to be used on this and
subsequent missions. The unit was designed to replace a locker on
the forward bulkhead of the orbiter middeck. It consisted of various
support components and a cavity for containing plant growth cham-
bers. The PGU was equipped with three plant growth lamps and a
timer for day/night cycling. Temperature sensors, electronically
controlled fans, heater strips for temperature modification, a data
acquisition system, and internal batteries were also included in the
unit. Plants were grown in six individual plant growth chambers that
fit into the PGU cavity (Fig. 4-25). Each chamber had a volume of
about two liters. The chamber base was fitted with a temperature
probe and two gas sampling ports. Seeds were planted in a “sand-
wich” support medium contained in the base of the chamber.

Operations

Preflight activities commenced about two weeks before launch,
when pine seeds were planted daily to ensure the availability of
enough seedlings. After seeds were sown in the plant growth
chambers, the chambers were sealed and purged with compressed
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air of a defined composition. The
chambers were loaded into the
flight and backup PGUs. The
backup unit was maintained in a
ground facility as a 1 g control,
and the flight unit was installed in
the orbiter. The PGU design al-
lowed the seedlings to be orient-
ed normally with respect to
gravity while the orbiter was on

the launch pad.

Because the PGU was a self-
sufficient system, it required little
attention during flight. The crew
transmitted temperature read-
ings of the growth chambers to
the ground several times daily, so

Figure 4-25: Two plant growth
chambers inside the PGU.

that these values could be com-
pared to the temperatures of the
control experiment.

The Shuttle landing was delayed by one day because of high
winds at the White Sands landing site in New Mexico. The exper-
iment teams saw the delay as an opportunity to perform additional
science. Unfortunately, science data could not be gathered during
the extra day because of the need to conserve the orbiter’s energy
resources.

Touchdown finally occurred at White Sands after a 194-hour
mission. A temporary laboratory had been assembled in a motor
home near the landing site. Once the PGU was recovered, gas
sampling and analysis, visual observations, and photography were
performed. Further analyses were conducted in the investigator’s
laboratory.

Results

The PGU functioned well in the space environment, and was
shown to be suitable for use on the upcoming STS-51F mission.
Several observations and measurements showed an apparent effect
of microgravity on plant growth and development. Plants grew
toward the light source as anticipated. Unexpectedly, however, the
roots of the plants also grew upward or towards the light source.
Positive indications that lignin synthesis is affected by microgravity
were examined further on the STS-51F mission.

Additional Reading

Chipman, E.G. Science and Technology Results from the OSS-1
Payload on the Space Shuttle. 33rd Congress of the Interna-
tional Astronautical Federation. September 27-October 2,
1982, Paris, France, IAF Paper 82-21.

Cowles, J.R., et al. Growth and Lignification in Seedlings Exposed
to Eight Days of Microgravity. Annals of Botany, vol. 54, Supl.
3, 1984, pp. 33-48.
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NASA. OSS-1 Mission Operation Report. NASA Report
E-835-03-82-01, 1982.

NASA. Spacelab 2. NASA EP-217, 1985.
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MISSION PROFILE: STS-51B/Spacelab 3

Mission Duration: 7 days
Date: April 28-May 5, 1985

Life Sciences Research Objectives

Evaluate operations and procedures for in-flight care of animals
Assess in-flight biocompatibility between animals and RAHF
Study physiological, morphological and behavioral changes

in animals

Life Sciences Investigations  [pp. 220-249]

Animal Maintenance (SL3-1.1,1.2)
Cardiovascular/Cardiopulmonary (SL3-2, 3)
Immunology/Microbiology (SL3-4)

Musculoskeletal (SL3-5, 6,7,8,9, 10, 11, 12, 13, 14, 15, 16)
Neuroscience (SL3-17, 18, 19)

Regulatory Physiology (SL3-20, 21, 22, 23, 24, 25, 26, 27,28, 29)

Organisms Studied

Saimiri sciureus (squirrel monkey)
Rattus norvegicus (rat)

Flight Hardware [pp. 540-549, 488-489, 466-467]
Research Animal Holding Facility
RAHF Rodent and Primate Cage Modules
Dynamic Environment Measuring System (DEMS)
Biotelemetry System (BTS)

Publications [pp. 409-419]

STS-51B/Spacelab 3

The STS-51B mission was launched onboard the Space Shuttle
Challenger on April 28, 1985 and recovered on May 5, 1985. The
mission was also called Spacelab 3 (SL-3), because it was the third
Shuttle mission scheduled to use the Spacelab.

Although the primary objective of the STS-51B mission was to
conduct materials science experiments in a stable low-gravity envi-
ronment, important research was conducted in life sciences, fluid
mechanics, atmospheric science, and astronomy. Scientists from
the U.S., France, and India carried out a total of 15 investigations
in these disciplines. The Shuttle carried a crew of seven, including
two payload specialists and three mission specialists.

Several life sciences investigations using nonhuman subjects
were conducted on the mission. This research was particularly
significant because it involved the introduction and flight verifica-
tion of the Research Animal Holding Facility (RAHF). The RAHF
is a self-contained system that houses and provides life support for
animals in space. Two RAHFs were flown on the mission, one
contained 24 rats and the other contained 2 squirrel monkeys.

Life Sciences Research Objectives

The primary life sciences research objective of the mission was to
evaluate the RAHF’s capability to maintain animals in an environ-
ment comparable to a ground-based vivarium. This is vital to
experiments conducted in space because uncompromised data on
the physiological and behavioral effects of microgravity can only be
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obtained from healthy animals. In addition to fulfilling this objec-
tive, the mission provided valuable baseline data on various physi-
ological parameters. The mission was also able to address the issue
of possible risks to the crew’s health and comfort. This was of some
concern because for the first time, crew members and animals were
confined together within the enclosed environment of the
Spacelab.

Specifically, the research objectives for the SL-3 mission were
to: evaluate operations and procedures for in flight animal care;
assess in-flight biocompatibility between the animals and the
RAHF; gain mission operational experience; study the physiologi-
cal, morphological and behavioral changes that occur in animals as
a result of being contained in the RAHF's during space flight; and
verify the principal hardware elements to be flown on later mis-
sions.

Life Sciences Payload
Organisms

Two adult male squirrel monkeys (Saimiri sciureus) were flown
unrestrained in individual cages in the primate RAHF. The objec-
tive in flying these animals was to observe gross physiological and
behavioral changes in response to space flight, and to evaluate the
adequacy of the RAHF to house and support them in space.

Both monkeys were free of various specified pathogens. Only
six months prior to flight, it was decided that the monkeys should
also be free of antibodies to the Herpes saimiri virus, because of

crew safety considerations. Although the Herpes saimiri virus is not
known to cause disease in either squirrel monkeys or humans that
carry it, problems have been documented in other species. A
worldwide search was initiated to find Herpes saimiri-free animals.
Five were eventually located, but time limitations permitted only
two of them to be trained for flight. Instruments were notimplanted
in the monkeys because of time constraints.

The rodent RAHF contained 24 individually housed male albi-
no rats (Rattus norvegicus) that were certified free of several
specific pathogens. Half of the rats were rapidly growing juveniles,
weighing approximately 200 grams at flight. The remainder were
mature 12-week old rats, weighing approximately 400 grams at
flight. All rats were flown unrestrained. Before the flight, four of the
rats were surgically implanted with biotelemetry transmitters.

Hardware

Each primate cage contained a removable solid window
through which crew members could view the animal (Fig. 4-26). A
perforated window beneath this allowed limited access to the
animal. A temporary restraint system could be activated to restrain
the animal in flight in the event of an
emergency. Airflow directed urine and
feces to absorbent, removable trays be-
neath the grid floor of the cage. Two
infrared light sources and two activity
sensors located at opposite sides of the

cage were used to monitor animal

Rattus norvegicus, rat
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William Berry was the Chief of the Life
Sciences Flight Projects Office at ARC during
the Spacelab 3 era. A mechanical engineer by
training, he has been involved in several ARC
projects, including wind tunnel development,
Biosatellite III, the Biomedical Experiments
Scientific Satellite, Pioneer Venus, and Viking
Biology Instrumentation. He is currently
serving as Acting Director for Space Research
at ARC.

Berry described the way the RAHF came
to be flown on the Spacelab 3 mission. “It was
really fortuitous. The Vestibular Research
Facility had originally been scheduled to fly on
the mission. When it became obvious that this
facility was not going to be developed in time,
the idea of verifying the RAHF concept came
up. The science was later piggybacked on the
engineering verification of the RAHF.”

Spacelab 3 was the first mission to fly hu-
mans in close proximity with animals. “There
was a lot of opposition to the idea from the
astronauts,” says Berry. There was concern that

William Berry

the crew might be contaminated by the animals
because of the enclosed environment of the
Spacelab. During the flight, aleakin the RAHF
allowed some particulates to escape the animal
cages. “When this became public knowledge,
the popular press had a field day. But in reality,
there was never any danger of contaminating
the crew with pathogens from the animals.”

The purpose of flying the RAHF was to
enable the crew to handle the animals. “Be-
cause of this, we focused on flying “clean’ spec-
imens, rather than on building a system that
totally isolated the crew from the animals,”
Berry explains. Considerable effort was spent
to find monkeys that were not carrying the
Herpes saimiri virus.

At first, there was some concern that ani-
mal rights activists would react strongly to the
idea of having animal subjects aboard the
Spacelab. “This turned out to be a nonissue,”
Berry says. A member of the Humane Society
was invited to KSC to observe the preflight
operations. “There was no problem once it

became evident that the flight monkeys were
not going to come to any harm. Of course, we
made it clear that the flight rats were going to
be euthanized after the mission. But this was
only being done because we needed to under-
stand the effects of microgravity on body tis-

>

sue.

Berry realized the value of the Spacelab 3
mission. “It allowed us to solve a number of
problems that later benefited the Spacelab Life
Sciences-1 mission. One problem was getting
unanimous agreement on the definition of a
specific pathogen free animal. Finding a means
of moving the animals onto the Spacelab was
another hurdle that was successfully overcome.
But as far I was concerned, the most important
success criterion for the mission was bringing
the animals back alive. This really was one of
our main goals, whether stated explicitly or

I

not.
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Figure 4-26: Primate cage in the RAHF.

movement. Periodic video recordings were made of the monkeys to
evaluate their response to space flight.

Rodent cages were similar in design to the primate cages
(Fig. 4-27). Two rats were housed in each cage, separated by a
partition. A camera mirror system was installed to record the
movements and behavior of four of the rats during launch and re-
entry.

The RAHF's were designed to provide life support in a manner
comparable to vivarium housing on the ground. Besides providing
access to food and water and effective waste removal, the facility
also permitted environmental factors such as lighting, temperature,
and humidity to be maintained within a specified range. An environ-
ment control system circulated conditioned air through the cages to
control temperature and humidity, and facilitated air exchange with
the Spacelab.

Food and water consumption were monitored as an indicator of
animal well-being and a measure of the normalcy of circadian
periodicity. Water consumption was measured electronically when
the Lixit reservoirs in the cages refilled after being emptied by the
animals. Animals could manipulate a tap switch to activate feeders
filled with banana pellets. A pellet counter monitored food con-
sumption. Rodent food was presented in the form of a bar. The food
bar advanced as the rodents gnawed on its end, and consumption
was monitored by an event counter which sensed the forward
movement of the bar.
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The crew evaluated general animal well-being through the
viewing windows on the cages, and by monitoring food and water
intake using the Spacelab computer. An onboard control panel
could alert crew members to hardware malfunctions such as water
leaks.

An automated biotelemetry system (BTS) was used to monitor
animal body temperature, heart rate, and electrocardiograms. The
BTS consisted of a surgically implanted transmitter, an antenna on
each RAHF cage, a receiver, and electronic interfaces with a
dedicated computer. The output from the implanted sensors first
went to an onboard computer, which reformatted the data and then
transmitted it to the ground.

There were four monkey cages in the primate RAHF equipped
with BTS capability. However, physiological data was not obtained
from the two flight monkeys because neither was outfitted with
sensors. Physiological data was obtained from the four rats implant-
ed with biotelemetry transmitters.

Another measurement system, the dynamic environment mea-
surement system (DEMS), recorded noise, vibration, and acceler-
ation levels in the immediate vicinity of the RAHF during launch Figure 4-27: Rodent cage in the RAHF.
and re-entry. This data was expected to be important for designing
future experiments and for interpreting results of studies affected
by the environment outside the RAHF.
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Operations

The execution of the mission involved si-
multaneous activities at three NASA cen-
ters: Hangar L at KSC in Florida, ARC in
California, and the Payload Operations
Control Center at JSC in Texas. Although
the mission was successful, several obsta-
cles had to be overcome at various stages
during mission development and the in-

flight period.

Design, testing, and successful hard-
ware integration required a major coopera-
tive effort between the various NASA
centers involved in the mission. The RAHF
was originally designed as an animal trans-
porter to be launched in the middeck of the
Shuttle. It was to be installed in the
Spacelab after launch. This concept was
abandoned because it was difficult to move
the bulky transporter down the tunnel con-
necting the middeck and Spacelab. The
idea of mounting the transporter in the
Spacelab aisle in order to maintain the ver-
tical orientation of the animal cages at land-
ing also turned out to be impracticable. The
final design involved installing individual
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Figure 4-28: The MVAK allows biological
materials to be loaded into the Spacelab late
in the STS launch sequence, after the
spacecraft has been assembled and placed in
vertical position: (a) orbiter middeck; (b)
animal cage being lowered through tunnel

connecting middeck and Spacelab; (c)
Spacelab; and (d) RAHF.

cages in the RAHF while the Shuttle was in its
vertical position on the launch pad. This
meant that the animals would be resting on
the cage side at landing.

A winch system, the Module Vertical Ac-
cess Kit (MVAK), was designed to perform
the complicated operation of loading animal
cages and personnel from the middeck of the
vertically oriented orbiter into the Spacelab
below, while on the launch pad (Fig. 4-28).

Mission operation procedures also had to
be modified considerably to accommodate
animal welfare and life sciences experiment
requirements. Late loading of animals into
the Spacelab before launch was vital because
of animal welfare concerns and because this
operation had to be performed during the
light phase of the animals’ light/dark cycle.
Likewise, early removal after landing was
necessary in order to conduct postflight stud-
ies on the animals before they readapted to
Earth gravity.

The main problem that arose during flight
was the release of particulates from the ani-
mal enclosures into the Spacelab during
maintenance operations. Despite the consid-
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erable publicity drawn to this problem, postflight analyses showed
that neither the crew nor the animals were adversely affected.
However, it was recommended that the faulty subsystems be rede-
signed before flying the hardware a second time. Malfunctions in
the leak alarms for the water systems in the primate cages and in
three of the rodent cages were also noted. The monkeys’ drinking
behavior pattern in space set off the leak alarms, pointing to a need
for higher leak alarm settings in future missions. Fouling of activity
sensors, viewing windows, and temporary restraint systems oc-
curred because of the way in which the animals oriented themselves
during waste elimination. No other significant problems were ob-
served in flight, and the hardware was shown to be capable of being
flown again after modification.

The orbiter’s landing site was changed from KSC to the Dryden
Flight Research Facility in Southern California approximately two
weeks before the mission. Postflight procedures had to be hastily
revised to accommodate this change, but the animals were recov-
ered without incident.

Results

The monkeys and rats were recovered in good condition, healthy
and free of microbiological contaminants. Postflight tissue analyses
were not performed on the flight monkeys. The flight rats were
euthanized a few hours after recovery and their tissues subjected to
a variety of tests. Control rats on the ground were euthanized and
analyzed in the same manner shortly after. Several changes were
noted in the flight animals as compared with ground control ani-

mals. These changes are summarized below. Detailed results of
science studies are categorized by discipline and described in
Appendix 1.

Squirrel Monkeys

Both monkeys ate less food and were less active in flight than on
the ground. One monkey adapted quickly to the microgravity
condition. The other monkey exhibited symptoms characteristic of
Space Adaptation Syndrome, consuming no food and little water
during the first four days of flight. On the fifth day of flight, after
being hand-fed banana pellets by the crew, its behavior became
more comparable to that of the first flight monkey.

Rodents

Some of the changes seen in flight rats, such as absence of
interferon production by spleen cells, lower plasma concentration
of osteocalcin, and heightened marrow sensitivity to erythropoi-
etin, may have been influenced by the 12-hour period between
landing and sample acquisition.

Postflight analyses of rat tissue indicated that the rats had not
been exposed to prolonged or significant stress. Growth curves
were parallel for all rats. The rats consumed more water during the
mission, the circadian rhythm of food intake changed, and body
temperature decreased during the animals’ active phase.
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The rats had decreased muscle tone and muscle mass after
flight. There was a shift from aerobic to glycolytic metabolism.
More fast- twitch muscles were seen in the rats’ soleus muscles after
flight. Significant changes were also noted in the bone of the flight
rats. Bone mass, and bending and tensile strength were reduced.
Bone changes that occurred during this 7-day mission were found
to be much greater than the changes noted in tail suspension studies
(simulated microgravity studies) conducted for 28 days. Spleen cell
production of interferon significantly decreased, which may be
indicative of an impaired immune response.

Metabolic changes noted included a shift from a lipid-based to
carbohydrate-based metabolism. Changes were seen in brain me-
tabolism and receptors and in the vestibular apparatus. Growth
hormone synthesis was decreased. Thymus gland and testes weights
were reduced after flight. In cardiac muscle, glycogen and lipid
deposition increased and muscle cell microtubules decreased.

In general, the postflight changes noted in rats were similar to
the changes observed in humans, and were consistent with the
findings of the Soviet Cosmos program.

The life science research objectives of the SL-3 mission were
accomplished in no small measure. Operations and procedures
developed for mission care of the animals were satisfactory. These
included the design modifications made to the RAHF's and the STS
to accommodate the payload, the MVAK procedures, late and early
access procedures to ensure animal welfare and uncompromised

science results, and crew operations within Spacelab. Recovery of
healthy unstressed animals demonstrated that the RAHFs were
capable of adequately housing and supporting animals in space. The
operational experience gained by the personnel involved was ex-
pected to be valuable for conducting more complex missions in the
future. The amount of data gathered on the physiological,
behavioral, and morphological responses of the animals to micro-
gravity surpassed all expectations. The hardware being flight tested
was verified from an operational and engineering standpoint and
subsystems requiring modifications were identified.
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land, G. Bowman, and W. Berry. Ames Research Center Life
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MISSION PROFILE: STS-51F/Spacelab 2

Mission Duration: 7 days

Date: July 29-August 6, 1985

Life Sciences Research Objectives

To study the effects of microgravity on plant lignification
Life Sciences Investigations  [p. 250 ]

Plant Biology (SL2-1)
Organisms Studied

Pinus elliotti (pine) seedling
Avena sativa (oat) seedling
Vigna radiata (mung bean) seedling

Flight Hardware  [pp. 506-507]

Plant Growth Unit (PGU)
Publications [p. 419]

A

STS-51F/Spacelab 2

The return to Earth of the Space Shuttle Challenger on August 6,
1985, ended the STS-51F mission which had been launched on
July 29, 1985. A number of science and engineering tests were
conducted with great success on the eight-day mission.

The mission was also called Spacelab 2, even though it was actually
the third mission to use the Spacelab facility. The mission had originally
been scheduled to fly before Spacelab 3, but it was delayed because a
major hardware item had to be redesigned. Spacelab 2 afforded an
opportunity for the first engineering tests and scientific application of
the instrument pointing system developed by ESA. The remote manip-
ulator system was also employed on the mission, to release and capture
a small satellite. The manned Spacelab module was not used on the
mission, but the ESA igloo and three instrument-laden pallets were
employed. Three other experiments were installed inside the orbiter.
A seven-member crew including two payload specialists participated in
the mission.

Although the principal objective of the mission was to verify the
pallets only mode of the Spacelab and the sophisticated instrument
pointing system of the STS, 13 scientific investigations were also
conducted. Areas studied were plasma physics, infrared astronomy,
high-energy astrophysics, solar physics, atmospheric physics, tech-
nology research, and life sciences.
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Life Sciences Research Objectives

Two life sciences investigations were conducted aboard the orbiter.
One dealt with vitamin D metabolites and bone demineralization in
microgravity, and used humans as experimental subjects. The ex-
periment was developed and managed by JSC, and is, therefore,
outside the scope of this book. The main objective of the other
experiment was to determine the effect of microgravity on lignin
production in higher plants. A second objective was to study overall
seedling growth and development in space. The investigation was
an extension of an earlier study carried out on the STS-3 mission in
1982.

Life Sciences Payload
Organisms

As for the experiment on STS-3, the specimens used for the
study were mung bean (Vigna radiata), oat (Avena sativa), and pine
(Pinus elliotti) seedlings. Seedlings were grown in enclosed cham-
bers resembling terrariums. Mung beans were planted in four
chambers, oats in two, and pine seedlings in eight. Mung beans and
oat seeds were planted 16 hours before launch; germination oc-
curred in space. Pine seedlings were either 4 or 10 days old at
launch.

Hardware

The airtight seedling chambers were equipped with tempera-
ture probes and gas-sampling ports. Two rows of eight seeds were

planted in each chamber, within a synthetic sandwich prepared
from a wicking material and spongy foam. An agar matrix at the base
of the chamber supplied water and nutrients to the seedlings
through the wick. The small plant growth chambers were designed
to fit inside two PGUs, each of which contained three plant growth
lamps, a timer to provide day/night cycling, temperature sensors,
electronically controlled fans, a data acquisition system, and inter-
nal batteries. Up to six growth chambers could fitin a PGU. The two
PGUs replaced two lockers on the forward bulkhead of the Shuttle
middeck. Both PGUs were used in a postflight control experiment
after the end of the flight phase of the experiment.

Operations

Preflight activities for the experiment were initiated at KSC 15 days
before launch. Activities included planting seeds, assembling the
growth chambers, exchanging atmospheric gas in the sealed cham-
bers with a defined gas, photography of the chambers, and loading
of chambers into the PGUs.

The launch itself was complicated by several problems which
occurred on the launch pad. Because of a main engine failure, the
Shuttle employed an orbit about 74 km below the planned 374 km
altitude. The lower orbit was disadvantageous to some of the
scientific investigations, but the extension of the mission from
seven to eight days provided partial compensation.

Little in-flight support of the plant experiment was required. A
crew member read and recorded the temperatures of the PGUs,
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and checked the equipment two or three times on each flight day.
The crew also photographed the plant seedlings and sampled the
atmospheric air in the growth chambers.

Upon mission termination, the Shuttle landed at the Dryden
Research Facility in California, where a temporary laboratory had
been established. The laboratory received the two PGUs two hours
after the Shuttle landed. Gas samples were taken from the growth
chambers, and the plants were observed and photographed before
tissue sectioning and preservation.

An Earth-gravity control experiment was conducted at KSC
during the postflight period. PGUs were installed in an environ-
mentally controlled facility for this purpose. The time and temper-
ature profiles of the flight were closely simulated in this
experiment.

Results

The quantity and quality of scientific data gathered on the mission
was remarkable, particularly in light of the interactive complexity of
the scientific program, and the technical difficulties that occurred
early in the mission.

It was concluded that plant seeds are able to germinate, and
seedlings to grow, in the space environment. Some problems in
orientation were noted in mung beans during germination and early
growth. Root orientation was somewhat disturbed in oats. Both
mung beans and oats exhibited a reduced growth rate. Lignin was

significantly reduced in all three species grown in microgravity,
providing direct evidence that gravity is an important factor in
lignification.

Additional Reading

Cowles, J.R., R. Lemay, and G. Jahns. Microgravity Effects on Plant
Growth and Lignification. Astrophysical Letters, vol. 27, 1988,
pp. 223-228.

Cowles, J.R., et al. Lignification on Young Plant Seedlings Grown
on Earth and Aboard the Space Shuttle. N.G. Lewis and M.G.
Paice, eds., Plant Cell Wall Polymers, Biogenesis and Biodegra-
dation, 1989.

Henize, K.G. Spacelab-2: A Preview. Sky and Telescope, vol. 70, no.
1, July 1985, pp. 5-6.

NASA. Spacelab-2. NASA EP-217,1985.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.

Urban, E.W. and K.S. Clifton. The Spacelab-2 Mission—An Over-
view. Astrophysical Letters, vol. 27, no. 1, 1988.
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MISSION PROFILE: STS-34/GHCD

Mission Duration: 5 days
Date: October 18-23, 1989

Life Sciences Research Objectives
To study the concentration and distribution of growth
hormone in plants

Life Sciences Investigations  [p. 254]

Plant Biology (GHCD-1)
Organisms Studied

Zea mays (corn) seedlings
Flight Hardware  [pp. 500-501, 554-555, 504-505]

Passive Freezer

Temperature Recording System-Mod 1:
4-Channel Ambient-Temperature Recorder
Plant Canisters

Publications [p. 420]

STS-34/Growth Hormone and Concentration
Distribution (GHCD)

The 5-day STS-34 mission was launched on the Shuttle Atlantis on
October 18, 1989 and landed on October 23. ARC-developed
payload in the Shuttle middeck was designated Growth Hormone
Concentration and Distribution (GHCD).

Life Sciences Objectives

The GHCD was designed to satisfy the requirements of a plant
growth experiment. The objective of the experiment was to charac-
terize the effect of microgravity on indoleacetic acid, a plant growth
hormone. Ground studies had established that a gravitational stim-
ulus causes rapid hormonal changes in the plant. As indoleacetic
acid concentration increases in the lower part of the stem, the stem
reorients and